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DROUGHT RESISTANCE AND RESILIENCE OF NON-NATIVE VS.  
NATIVE GRASSES IN THE NORTHERN TALLGRASS PRAIRIE 
WYATT KIRWAN 
2015 
Drought can have major impacts on rangeland productivity and remains highly 
unpredictable.  Like many other rangelands in the US, the Tallgrass Prairie of eastern 
South Dakota contains native prairie where the plant composition includes mostly native 
species as well as pasture that has been converted to or invaded by cool-season 
introduced species.  So how are these two plant communities impacted by drought?  The 
specific objective of this study was to compare drought resistance and drought resilience 
of native prairie to introduced cool-season pasture (Smooth brome - Bromus inermis and 
Kentucky bluegrass - Poa pratensis).  Our Hypothesis was that native prairie would be 
more resistant to drought than introduced cool-season pasture, but not more resilient 
when average precipitation returns.  This is because of the Insurance Hypothesis:  native 
prairie contains more plant species and functional groups with a greater variety of 
adaptations that allows native prairie to collectively resist drought (Lawton and Brown 
1993; Yachi and Loreau 1999).      
Two sites near Volga, SD were used for the study: a Non-Native Site with 
introduced cool-season grass site dominated by Bromus inermis and Poa pratensis and a 
Native Site with primarily native cool- and warm-season grasses, and some forbs.  Three 
automated rainout shelters at each site simulated drought conditions by intercepting 
rainfall.  There were 8, 1-m
2 
study plots under each shelter and 2 addition study plots 
 xiii 
outside each shelter.  Treatments in 2013 under the rainout shelters included 50%, 75%, 
100%, and 125% of the 30-year average growing season precipitation (Brookings CO-OP 
2010).  There were 2 replicates under each shelter for each treatment and 6 total 
replicates at each site.   The two additional treatments included:  an Ambient treatment 
(precipitation from that year with no moisture added) and a Well-watered treatment 
(abundant moisture, about 290% of the 30-year average precipitation).  There were 3 
replicates at each site.  In 2014, some of the treatments were altered.  The 100%, 
Ambient, Well-watered, and half of the 50%, 75%, and 125% plots received the same 
amount of moisture as 2013.  However the other half of the 50%, 75%, and 125% plots 
received 100% of the 30-year average precipitation. 
The study was composed of three separate experiments.  Experiment I looked at 
drought resistance among the treatments (50%, 75%, 100%, 125%, Ambient, and Well-
watered.  Drought resistance was determined by comparing the current year’s biomass 
production for each treatment during the drought to the biomass production of the 100% 
treatment (30-year average).  Experiment II continued to monitor drought resistance in 
2014 with a two-year drought, again comparing the treatments.  The focus of Experiment 
III was to examine drought resilience among the treatments when they received 100% of 
the 30-year average in 2014 following a drought in 2013.  Supplemental water was 
applied on a weekly schedule based on the 30-year average precipitation and the amount 
of rainfall not excluded by the shelters.  Biomass samples were clipped using a 0.25 m
2
 
quadrat, sorted by species, dried, and weighed at the end of the growing season in 2013 
and 2014.   
 xiv 
Results for all three experiments indicated that a linear trend in the data was 
observed from the 50% treatment up to the 125% treatment; Experiment I (p = 0.01), 
Experiment II (p =0.009), and Experiment III (p < 0.0001), and there was a significant 
difference between the treatments; Experiment I (p = 0.01), Experiment II (p =0.04), and 
Experiment III (p < 0.0001).  There was no significant difference between the sites 
overall; Experiment (p = 0.3), Experiment II (p =0.8), and Experiment III (p = 0.6).  
There was no significant difference between each site by treatment for Experiments I and 
II (p = 0.3 and p =0.6, respectively), however Experiment III did show a significant 
difference in site by treatment (p = 0.0009).   
The three plant species at the Non-Native Site were examined individually, 
Bromus inermis (Smooth brome), Poa pratensis (Kentucky bluegrass), and Cirsium 
arvense (Canada thistle).  There were significant differences by treatment in B. inermis (p 
= 0.03) and P. pratensis (p = 0.02) in Experiment I in 2013.  However the disparity 
occurred in the 75% treatment and the other 5 treatments (50%, 100%, 125%, Ambient, 
and Well-watered) had similar values.  There was no significant difference by treatment 
for B. inermis and P. pratensis in 2014 for Experiments II and III; B. inermis (p =0.6, p = 
0.3, respectively) and P. pratensis (p = 0.5, p = 0.1, respectively).  There was no linear 
trend from the 50% treatment to the 125% treatment; Experiments I-III: B. inermis (p 
=0.5, p = 0.2, p = 0.6, respectively) and P. pratensis p = 0.4, p = 0.2, p = 0.9, 
respectively).  Cirsium arvense had very low abundance and was not present in every 
treatment, so statistical analysis could not produce p-value for treatment effect or linear 
trend.  
 xv 
Functional plant groups were also examined at the Native Site, including warm-
season native grasses, cool-season introduced grasses, cool-season introduced grasses, 
and forbs.  However, no significant difference was found in these groups by treatment in 
for Experiments I-III in 2013 and 2014; warm-season native grass (p =0.2, p = 0.1, p = 
0.2, respectively), cool-season introduced grass (p = 0.4, p = 0.1, p = 0.2, respectively), 
cool-season native grass p = 0.3, p = 0.6, p = 0.2, respectively), and forbs p =0.6, p = 
0.9, p =0.6, respectively).  There was a linear increase from the 50% treatment to the 
125% treatment in Experiment II for warm-season native grasses (p = 0.03), but not for 
the 3 other functional groups; cool-season introduced grasses (p =0.2), cool-season native 
grasses (p =0.3), and forbs (p =0.8).  A linear trend was not observed in Experiment I 
and III; warm-season native grass (p =0.2, p = 0.4, respectively), cool-season introduced 
grass (p = 0.4, p = 0.6, respectively), cool-season native grass (p = 0.3, p = 0.2, 
respectively), and forbs (p =0.4, p = 0.4, respectively). 
Based on the results of the study, there was a clear treatment effect in all three 
experiments, meaning that the treatments were different enough from one another to 
show have an impact on biomass production.  However, the sites were not different, 
meaning that they were equally impacted by drought and recovery from drought.  These 
data did not support our hypothesis that the diverse plant community of the Native Site 
would be more drought resistant.  Part of this is that unfortunately the treatments for 
Experiments I and II did not reach the desired goal during the 2 years of research (2013-
2014).  However, in Experiment III the drought treatments did not recover to the level of 
biomass produced by the 100% treatment, so this shows that there was a treatment effect. 
 xvi 
The inaccuracy of the treatments was mainly due to difficulties and malfunction 
in the operation of the Rainout Shelters.  An increase in the number of study plots and 
replicates for each treatment may have provided more conclusive results as well.  With 
modifications and additional years of research, more definitive conclusions may be 
attainable regarding the drought resistance and resilience of these 2 plant communities in 











Drought remains a constant concern for rangeland managers.  Whether grasslands 
are used for grazing or haying, drought can cause significant reductions in Annual Net 
Primary Production (ANPP) of grass biomass.  Drought is defined as 75% or less of 
normal precipitation and can last anywhere from a several months to multiple years 
(Bedell 1998).  Response to drought can be categorized in two ways:  resistance to 
drought and resilience to drought.  Resistance to drought refers to the ability of a plant 
community to produce aboveground biomass during a drought compared with that of 
average precipitation conditions, comparing drought ANPP to average ANPP.  Resilience 
to drought refers to the ability of a plant community to produce aboveground biomass 
after a drought when average precipitation conditions return, comparing post-drought 
ANPP to average ANPP.   
Species diversity within a pasture can be important in surviving a drought.  For 
instance, if there is a spring drought, the cool-season (C3) species will suffer, but if rains 
return in the summer the warm-season (C4) species can decrease the loss in production.  
The same can be said for a summer drought with rain in the spring.  Native prairie species 
have been subjected to drought many times over the course of thousands of years and 
have been able to adapt for survival.   
However, changes to native prairie since the time of settlement has altered the 
landscape, including species diversity.  From about the time the vast Tallgrass prairie and 
Great Plains of the Central United States were settled by aspiring farmers and ranchers, 
non-native plant species have been introduced into the native grasslands.  Some were 
brought here by accident, some were planted due to their value as forages, in Europe and 
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Asia, and others were used to stabilize and revegetate soils of disturbed areas.  Today, 
many non-native grass species have become naturalized in the grasslands.  Many of these 
species are cool-season perennials and they have become major components, if not 
dominant, in native grasslands (Johnson and Larson 2007).   
As a result of this mixing of species, much of the remaining Tallgrass prairie is 
left with two primary plant communities: native prairie communities that have 
maintained species diversity, and non-native communities that have largely been invaded 
by introduced cool-season grasses and have very little species diversity.  With this in 
mind, how do these two plant communities respond to drought?  The the specific 
objective of this study was to compare drought resistance and drought resilience of native 
prairie to introduced cool-season pasture (Smooth brome - Bromus inermis and Kentucky 















 Resistance to drought refers to the ability of a plant community to produce 
aboveground biomass during a drought compared with that of normal precipitation 
conditions.  Seed production and vegetative reproduction are also important in drought 
resistance to maintain aboveground biomass.  Producing seed for the following year 
allows continued growth during the drought for annuals and vegetative reproduction 
provides additional tillers to increase productivity of perennials.  Belowground biomass is 
also important for drought resistance.  Frank (2007) found that the timing of drought is 
important in determining aboveground and belowground biomass production.  Plants 
allocate resources to certain functions, such as stems, leaves, seed production, and roots, 
based on growing conditions (Frank 2007).  Therefore, Frank (2007) discovered that 
early in the growing season moisture was likely utilized to develop aboveground parts of 
the plant and moisture later in the growing season was allocated to root development.  So 
depending on when the drought occurs and when moisture arrives, the effects will differ 
aboveground and belowground (Frank 2007).  Since aboveground biomass is the most 
visible and measureable indicator of drought resistance, most research has focused on the 
aboveground response.  Drought resistance is a measurement that compares the Annual 
Net Primary Productivity (ANPP) during a drought to pre-drought ANPP or the ANPP 
with normal precipitation.  This means that the drought ANPP is measured relative to the 
normal ANPP, as a percentage.  So the closer the drought ANPP is to the normal ANPP 
of the plant community, the higher the drought resistance of the plant community.   
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Drought Resilience 
 Resilience to drought refers to the ability of a plant community to produce 
aboveground biomass after a drought.  Resilience requires a plant to survive a drought so 
that it can recover when normal conditions return and produce aboveground biomass.  
When drought occurs, perennial plants produce buds, which produce new tillers the 
following year.  Carter et al. (2012) determined that these tiller buds decreased when 
drought occurred and the following year.  This decrease coincides with the lag effect of 
stem production by perennials during drought (Carter et al. 2012).  Two years after the 
drought, buds and tillers begin to increase once again as growth conditions improve 
(Carter et al. 2012).  Despite the importance of these belowground processes, drought 
resilience is measured by the aboveground biomass production after a drought.  It 
compares post-drought ANPP to pre-drought ANPP or the ANPP in a normal year with 
average precipitation.  This means that the post-drought ANPP is measured relative to the 
normal ANPP, as a percentage.  So the closer the post-drought ANPP is to the normal 
ANPP of the plant community, the higher the drought resiliency of the plant community.   
 
Impact of Species Diversity on Drought Resistance and Drought Resilience 
Species diversity is thought to influence the drought resistance and resilience of a 
plant community.  With a greater number of plant species, a plant community may 
include some species with adaptations or characteristics that make them resistant to 
drought and others that are resilient to drought (Tilman and Downing 1994).  The 
Insurance Hypothesis (Lawton and Brown 1993; Yachi and Loreau 1999) argues this 
point.  The hypothesis explains that an increase in plant species diversity reduces the 
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losses in ecosystem function as a result of environmental disturbance (drought e.g.,) 
because an increase in the number of species means an increase in plant characteristics 
for the community as a whole.  The insurance hypothesis was upheld in a study by 
Tilman and Downing (1994), who found that diverse plant communities produced more 
biomass during and after drought, relative to the biomass production before drought, than 
a community with fewer species.  However, other studies have disputed this, including 
Van Ruijven and Berendse (2010) who found that species diversity did not impact 
drought resistance, and Carter and Blair (2012) drought response was not improved with 
increased species richness. 
 Drought stress largely involves competition between species and between 
individual plants for water and resources.  Isbell et al. (2009) suggests that diverse plant 
communities with many species have a variety of adaptations, characteristics, and traits 
present, and therefore the plant community is able to survive regardless of climatic 
conditions.  In other words, Isbell et al. (2009) theorizes that these traits allow certain 
species to produce and grow more efficiently than others during wet, dry, hot, cool, or 
normal conditions.  Before the time of settlement in the Great Plains, natural factors 
created plant diversity on grasslands.  However fire and grazing have been greatly 
manipulated by man since the time of settlement.  Wildfire has long been feared due to 
the potential danger and destruction, and has been largely eradicated from the grasslands 
despite historical accounts of fire every 5-6 years in some areas (Grant et al. 2009).  
Federal lands have removed or drastically reduced grazing for the purpose of preservation 
(Grant et al. 2009). Overgrazing, one of the key enemies of prairie according to Weaver 
(1954), has occurred in other areas.  Significant changes to these factors that shaped the 
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Great Plains for so long have caused changes in plant communities and species diversity 
(Grant et al. 2009).  As a result, prairies throughout Northern Great Plains have been 
overrun by non-native species (Grant et al. 2009).   The insurance hypothesis (Lawton 
and Brown 1993; Yachi and Loreau 1999) suggests that species diversity allows plant 
communities to withstand various types of disturbance, but perhaps when some 
disturbance is removed stability can occur with a lack of diversity. 
 Craine et al. (2012) studied drought tolerance on a global scale.  He collected 
seeds from over 400 grass species worldwide to test their drought resistance, and 
ultimately looked to determine grassland climate-change resilience globally.  They found 
that as average precipitation increased, the percentage of drought resistant species 
decreased, since drought is less common in areas with higher precipitation (Craine et al. 
2012).  And therefore the opposite is true; regions with low annual precipitation tend to 
have higher percentages of drought resistant species.  Wetlands and riparian areas, 
however, create habitat for non-drought tolerant plants (Craine et al. 2012).  Some areas 
contain a wide variety of drought tolerances among the species that occur.  For instance, 
the Konza prairie contributed 50 grass species for the study (Craine et al. 2012).  The 
species found on the Konza represent the entire spectrum of drought tolerance that can be 
found on a global scale, from little or no drought tolerance to highly drought tolerant 
(Craine et al. 2012).  They concluded from the study that functional diversity in 
grasslands around the world makes them more resilient to drought, prevents the need for 
introducing drought tolerant grasses to an area, and helps the community recover after a 
drought (Craine et al. 2012). 
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 Van Ruijven and Berendse (2010) conducted a drought study in Argentina from 
2000 to 2007 examining species diversity.  The study included monocultures, two 
species, four species, and eight species mixtures on experimental plots.  They discovered 
that drought resistance (biomass production) decreased as the diversity increased, that 
biomass was significantly less during the drought years, as expected, but drought 
resilience increased as species diversity increased.  One interesting finding was that one 
grass species produced significantly more biomass as species diversity increased.  Based 
on the study they concluded that, contrary to the insurance hypothesis, diversity did not 
help drought resistance, it helped drought resilience instead. 
 Lanta et al. (2012) studied grasses and forbs in the Czech Republic in both a 
greenhouse and a de-weeded field.  They found that communities with higher species 
diversity mixtures produced more biomass, but also were less resistant to drought than 
low species diversity mixtures, therefore failing to support the insurance hypothesis.  
Two-species mixtures actually showed higher drought resistance than six-species 
mixtures.  They also found that the proliferation of some species (often invasive) during 
drought caused decreased production of other species, and that species common to low-
productivity environments were overall more drought resistant.  Lastly, they learned that 
some species competed better in more diverse vs. less diverse communities.  Their 
explanation for their findings was that competition increases as moisture becomes 
limited, so some species produce better than others in the mixture, but cannot make up 
for the lack of production of the other species. 
 A study by Carter and Blair (2012) also looked at species diversity and the 
response to drought.  This study took place in the Mixed-grass prairie region of Nebraska 
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in a former cornfield in 2009 and 2010 using fixed interception rainout shelters.  The 
species richness treatments ranged from low (15 species planted) to high richness (95 
species planted), but only 37 total species grew successfully from seed.  They were 
unable to find any relationship or trend between species richness and drought resistance 
or resilience.  One possible explanation was that the shelters might not have created 
enough drought stress to produce the results they had hoped for.    
 Yongfan et al. (2007) completed a drought study with many levels of plant 
diversity from 1 to 40 species and over 80 total species in a planted field in 2004 and 
2005.  The study used fixed interception rainout shelters.  At the conclusion of the study, 
they were unable to discover relationship between drought resistance and species 
diversity, meaning they were unable to support the diversity-resistance hypothesis.  The 
scientists explained their results by saying that regardless of species diversity; the plant 
species with the highest drought tolerance will produce the most biomass, but 
competition and the lack of production from the remaining species results in no 
measurable improvement in biomass production (Yongfan et al. 2007).  So a plant 
community with a smaller number of species, but includes drought resistant plants, could 
produce as much as the diverse community during a drought. 
 
Climate Change 
One aspect of drought in the 21
st
 Century that has been discussed is the possibility 
of increased climate variability that could be caused by Climate Change.  Projections 
made by International Panel on Climate Change (2007) indicate that increases in 
greenhouse gas emissions will cause mean annual temperatures to rise about 3C by the 
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end of the century.  Schar et al. (2004) expects longer periods of above-average summer 
temperatures with climate change.  More frequent drought and heavy rainfall events are 
also predicted (Easterling et al. 2000).  If this comes to be, there would undoubtedly be 
impacts to grasslands and rangelands.  Although plant species have requirements for both 
precipitation and temperature for growth, warmer temperatures have a greater impact on 
species survival than fluctuations in precipitation in the Konza tallgrass prairie (Craine et 
al. 2011).  Craine et al. (2011) showed that an increase or decrease of 150 mm in annual 
rainfall caused losses of less than 10% of plant species, while more than 16% of plant 
species would be lost with an increase of 3C in annual temperatures.  However, Craine 
et al. (2011) concluded that decreased precipitation would eliminate native species twice 
as quickly as introduced species.  These climatic changes would clearly have 
management implications that land managers would need to consider in the future.  Some 
examples would be: warmer temperatures could change grazing schedules or the time that 
calving takes place, heavy rainfall events could require producers to avoid of low-lying 
riparian areas due to flooding, or dry periods could force producers to use emergency 
hay. 
 Another aspect of climate change could be more sporadic or extreme rainfall 
events.  Heisler-White et al. (2006) observed the productivity of the Tallgrass prairie and 
the Mixed-grass prairie in Kansas, and the Shortgrass prairie in Colorado.  The study 
used automated rainout shelters with treatments of 4, 6, and 12 rainfall events and 
ambient rainfall (ranging from 12-16 events) during the experiment period.  At all three 
sites, the ambient and 12 event treatments were similar, but significantly different from 
the 4 and 6 event treatments, which were similar to each other.  The Mixed-grass prairie 
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experienced a 70% increase in ANPP, which the scientists explained due to the historical 
variability in precipitation in this grassland type (Heisler-White et al. 2006).  The 
Tallgrass prairie site saw significant decreases in ANPP with fewer rainfall events, while 
the Shortgrass prairie had a significant increase in ANPP with fewer rainfall events, 
however neither was as profound as the results in the Mixed-grass prairie (Heisler-White 
et al. 2006).  They concluded that the results of their study show that significant changes 
in ANPP could occur in the Great Plains if rainfall events become more extreme and 
variable in the future. 
 
Drought Resistance and Resilience of individual plant species 
 A study by Cook (1941) looked at the drought resistance of eight selections of B. 
inermis based on the root systems.  The study took place in Utah, but included eight 
selections from various locations in western North America and rated drought resistance 
as high, medium or low.  Three selections from Nebraska and one from Utah were 
projected to have high drought resistance, one selection from Nebraska was considered 
moderately drought resistant, and two selections from Washington and one from Canada 
were determined to have low drought resistance (Cook 1941).  In the study (Cook 1941), 
two selections separated themselves as the most drought resistant, having significantly 
higher root and aboveground biomass.  On the other end of the spectrum, two selections 
displayed the least drought resistance, having significantly lower root and aboveground 
biomass.  The data from the other four selections fell in-between the two extremes.  
Overall, Cook (1941) determined that selections with higher numbers of large and small 
roots, total axial lengths of roots, and greater aboveground plant growth were the best 
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selections for drought conditions.  According to Johnson and Larson (2007), Bromus 
inermis (Smooth brome) is most abundant in areas with 18 inches of annual precipitation 
or more in South Dakota. 
The Tallgrass prairie was extensively studied and observed by Weaver during the 
historic drought of the Great Depression and published in his 1954 book “North 
American Prairie.” 
 Weaver (1954) stated that the most abundant species in the Tallgrass prairie prior 
to the drought, Schizachyrium scoparium (Little bluestem), experienced the greatest 
losses in abundance during the 1930’s. Andropogon gerardii (Big bluestem) often 
remained green longer and survived in greater abundance than many other Tallgrass 
prairie species during the drought due to its deep root system, but its biomass production 
was greatly decreased from pre-drought conditions. Panicum virgatum (Switchgrass), a 
mesic tallgrass species, survived only in lowland areas.  After initial decreases in 
abundance, Sporobolus heterolepis (Prairie dropseed) and Stipa spartea (Porcupine grass) 
were able to take advantage of timely moisture to increase root mass and replenish the 
seedbank to survive.   
Weaver (1954) also found that as the drought continued that some of the 
dominant species of the Mixed-grass prairie, including Elymus smithii (Western 
wheatgrass), Bouteloua curtipendula (Sideoats grama), Bouteloua gracilis (Blue grama), 
and Bouteloua dactyloides (Buffalograss), began to shift eastward due to their adaptations 
to lower precipitation and drought.  Increased bareground due to the decrease of tallgrass 
species cover also allowed them to expand their abundance (Weaver 1954).  All 4 species 
were only modestly abundant in the Tallgrass prairie before the drought.  Adaptations 
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included seed production and extensive rhizomes for E. smithii and B. curtipendula, 
tillering for B. gracilis, and seed production and stolons for B. dactyloides.  These four 
grasses became the dominant grasses during the drought of the 1930’s, with E. smithii 
being the most abundant (Weaver 1954). 
 Weaver (1954) found that one year of abundant precipitation after the drought 
was not enough for some species to recover from dormancy, sometimes 2 or more years 
were necessary.   Average and above-average precipitation returned in the 1940’s, 
allowing the dominant natives of the Tallgrass prairie make a strong recovery (Weaver 
1954).  Competition and shading by these Tallgrass species gradually allowed them to 
reclaim the areas that had been overtaken by the Mixed-grass prairie species. 
Weaver (1954) found Poa pratensis (Kentucky bluegrass) to be more sensitive to 
drought than many of the native grasses, largely due to its shallow root system, which 
attempts to absorb as much moisture as possible in the first two feet of the soil profile.  
Its leaves often fold under drought conditions as they did during the spring drought of 
1934 before drying out and going dormant in late May, giving the prairie a brown 
appearance early in the growing season (Weaver 1954).  Despite being common through 
much of the study area prior to drought, this grass largely disappeared after one year of 
drought and nearly all plants died with the exception of a few small areas that remained 
moist (Weaver 1954).  
Weaver (1954) observed that P. pratensis became almost non-existent in the 
western portion of the Tallgrass prairie during the drought of the 1930’s and was 
confined to lowland areas.  Survival was dependent upon shading from taller plants to 
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prevent the leaves from drying out, as well as taking advantage of early spring and late 
fall growing conditions (Weaver 1954). 
  After the drought, Weaver (1954) found that P. pratensis relied on spring and fall 
moisture as well as shading during the summer from taller species to recover.  Recovery 
of P. pratensis was slow, but with abundant precipitation it was able to expand upward 
from the lowland areas to higher ground.  In some places, P. pratensis exceeded its 
abundance before the drought (Weaver 1954). 
Knapp (1984) conducted a study at Kansas State University in the Tallgrass 
prairie from 1982-83, which among other measurements looked at the growth of three 
prominent grasses during wet and drought years.  Knapp (1984) found no significant 
difference in aboveground biomass between irrigated plots and control (non-irrigated) 
plots for A. gerardii, S. scoparium, and P. virgatum in an above-average precipitation 
year.  During a drought year, Knapp (1984) discovered that the aboveground biomass for 
A. gerardii was significantly less in the irrigated plots compared to the above-average 
year, but was significantly higher than the control plots during a drought.  For S. 
scoparium and P. virgatum, shoot biomass of the irrigated plots was not significantly 
different between non-drought and drought years; however during the drought year, the 
irrigated plots had significantly higher biomass than the control plots (Knapp 1984).  This 
indicates that additional irrigation during a wet year does not significantly increase the 
biomass production of these grasses.  Also, for A. gerardii, additional irrigation yielded 
greater biomass during the wet year than the drought year while for S. scoparium and P. 
virgatum biomass was similar with irrigation during wet and drought years (Knapp 
1984).  And during a drought year, additional irrigation produced significantly more 
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biomass than the control for all three species (Knapp 1984).  Overall, Knapp (1984) 
found that a decrease in reproductive tillers was the main reason for lower biomass 
production in the control plots during drought since vegetative biomass production was 
similar to the Irrigated plots.  This is especially evident in A. gerardii since biomass 
production during drought was significantly less than during above-average precipitation, 
but vegetative tiller production actually increased during drought (Knapp 1984). 
Whitford et al. (1999) completed a drought study in New Mexico from 1994-1996 
followed by a year of recovery from the drought in 1997.  Cattle pastures were grazed 
during different times of the year, with study plots arranged along transects at varying 
distances from water tanks.  Whitford et al. (1999) conducted fitness tests on four plant 
species based on resistance and resilience to stress.  Nearest to the water sources, 
Gutierrezia sarothrae (Broom snakeweed) recovered its percent cover almost entirely in 
1997 and surpassed its 1994 cover at the beginning of the drought in some locations since 
it is not palatable to cattle (Whitford et al. 1999).   Farther out from the water, G. 
sarothrae and Aristida spp. (three-awn grass) were the most abundant in one pasture in 
1994, however in 1997 the Sporobolus spp. (Dropseed grasses) recovered dramatically 
and increased its cover to nearly 5x the amount in 1994 (Whitford et al. 1999).  And at 
the farthest distance from the water tanks, Bouteloua eriopoda (Black grama) dominated 
at all sites in 1994, but only recovered about half of its previous cover in 1997 (Whitford 
et al. 1999).   Overall, Whitford et al. (1999) argued that competition between species 
during drought as well as drought resistance and resilience traits affected the survival and 
recovery of the four species.  Whitford et al. (1999) stated that this ecosystem showed 
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some weakness in resisting the stresses of drought with grazing and struggled to recover 
from stress, indicating a less stable and more fragile ecosystem. 
Donkor et al. (2001) studied the response of B. inermis and P. pratensis to varying 
intensities and frequencies of defoliation with three soil moisture levels.  Prairie sod 
comprised of B. inermis-P. pratensis roots and shoots was transported from Alberta, 
Canada to a greenhouse for the study.  Donkor et al. (2001) showed that aboveground 
biomass significantly decreased, root to shoot ratio increased significantly, and 
belowground biomass remained the same under drought conditions.  So overall, B. 
inermis-P. pratensis pastures were susceptible to drought from a vegetative production 
standpoint, however the root systems appear to maintain their mass to allow for recovery 
(Donkor et al. 2001). 
In a 1998-2001 study by Heitschmidt et al. (2005) in the Mixed-grass prairie of 
Montana, used automated rainout shelters to simulate Summer and Spring drought 
conditions with or without grazing and found that there was a significant decrease in 
biomass production for cool-season perennial grasses while warm-season perennial 
grasses were unaffected.  This is due to the dominance of cool-season grasses in the 
Mixed-grass prairie, therefore reduced cool-season production allows warm-season 
grasses to compete, and the warm-season grasses are drought-tolerant shortgrasses 
(Heitschmidt et al. 2005).  Biomass production was not significantly different between 
the second year of drought and first year of recovery, but during the second year of 
recovery the biomass production returned to pre-drought levels (Heitschmidt et al. 2005).  
Another study by Heitschmidt and Vermeire (2006) in Montana looked at the 
vegetative response to spring drought followed by abundant summer precipitation.  The 
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treatments included severe and moderate drought with or without summer irrigation.  
They found that the severe drought with no irrigation treatment was significantly 
different from the other three treatments (Heitschmidt and Vermeire 2006).  Despite 
receiving 2.25 times more precipitation than the average during the summer, the biomass 
production was still only about half of the average biomass production under normal 
conditions (Heitschmidt and Vermeire 2006).  This can be explained, again, by the fact 
that in the Mixed-grass prairie, cool-season perennial grasses make up the majority of the 
vegetation.  The composition of the biomass changed from cool-season dominant to 
warm-season dominant, but this was because of the reduction in cool-season grass 
biomass production rather than an increase in warm-season grass production, since warm-
season grass biomass production was not significantly different with the irrigation than 
during a normal year (Heitschmidt and Vermeire 2006). 
Another drought study was conducted in Australia from 2006-2008, which was 
the last three years of an eight-year drought that began in 2001.  In this study, Godfree et 
al. (2011) looked at the resistance and resilience of one perennial cool-season grass 
species, Austostipa aristiglumis (Plains grass).  He found that the extreme drought 
conditions in 2006 and 2007 caused high mortality of adult plants, ranging from 40-90%, 
across many ecological sites such as upland flatlands, slopes, terraces, lowlands, and 
ravines (Godfree et al. 2011).  A. aristiglumis survived mainly in lowland areas by 
allocating resources to seed production and flowering (Godfree et al. 2011).  By using 
seed dormancy and emerging only during favorable conditions, this grass was able to 
withstand this prolonged drought by supplying viable seed to the seedbank, showing 
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characteristics of drought resistance and resilience despite losing much of its adult plant 
populations across the landscape (Godfree et al. 2011).   
Turner et al. (2008) looked at the responses of Lolium perenne (Perennial 
ryegrass), Dactylis glomerata (Orchardgrass or Cocksfoot), and Festuca arundinacea 
(Tall fescue) to variable water availability.  The study took place in a greenhouse in 
Australia with treatments of 33, 66, 100, and 133% of pre-determined volumetric soil 
water content.  Measurements of soil moisture, tiller number, stubble mass, and leaf mass 
were taken.  After the study was completed, drought sensitivity was determined by the 
reduction in dry matter due to moisture stress.  Turner et al. (2008) found D. glomerata 
was the least drought sensitive, followed by F. arundinacea and then L. perenne.  Overall 
production was the highest for F. arundinacea, then L. perenne, and last was D. 
glomerata (Turner et al. 2008).  Overall, they suggest that L. perenne is the most 
susceptible to decreased production with limited moisture, while F. arundinacea has the 
most benefits since it produced the greatest amount dry matter, had a moderate drought 
response, and recovered well when sufficient moisture conditions returned (Turner et al. 
2008). 
  Another area of the US that has been significantly invaded by introduced grasses 
is the Central Valley of California.  Vaughn et al. (2011) conducted a study comparing 
the drought tolerance of California’s native perennial grasses to annual and perennial 
grasses of the Mediterranean Basin.  Vaughn et al. (2011) theorized that California 
perennials would be more drought tolerant since the summer dry periods and drought 
tend to be more extreme and last longer in California than in the Mediterranean.  Vaughn 
et al. (2011) found that even though the Central Valley experiences more extreme 
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summer weather, the California grasses were not as drought tolerant as the Mediterranean 
perennials, but more drought tolerant than the annuals.  Vaughn et al. (2011) explained 
this by saying that the California grasses grow and produce seed in the winter and spring, 
but tend to be dormant in the summer, while the Mediterranean perennials grow during 
the summer making them more drought tolerant.  The fact that the California grasses both 
tolerate and avoid the summer heat/drought could explain why annuals have become 
dominant, since they are better adapted to growing during the warm weather of summer 
(Vaughn et al. 2011).  So overall, they determined that the drought tolerance of the 
Mediterranean perennials explains why they thrive in their native habitat, and that the 
California grasses are better adapted to the coastal regions of California where they still 
dominate and the annuals dominate the Central Valley (Vaughn et al. 2011). 
 
Conclusion    
 In eastern South Dakota, native prairies are commonly invaded by introduced 
cool-season perennial grasses, especially B. inermis and P. pratensis, (Grant et al. 2009).  
Historically, protected prairies such as USFWS lands have been rested with very little 
grazing and fire to protect the prairie and produce dense cover for game birds (Grant et 
al. 2009).  Management of native prairies in the Northern Great Plains has rarely been 
consistent with historical fire and grazing regimes (Grant et al. 2009).   Romo et al. 
(1990) stated that a lack of management, such as minimal fire and grazing, increases the 
likelihood of Bromus inermis invasion in North Great Plains grasslands.  Overgrazing of 
tallgrass prairie in eastern South Dakota has damaged native plant populations and lead to 
significant invasion by Poa pratensis, which is capable of withstanding heavy grazing 
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(Johnson and Larson 2007).   Some of the literature has touched upon the drought 
tolerance of these B. inermis and P. pratensis, but only briefly and not in a pasture.  Since 
they grow together so extensively in South Dakota and in other states, data regarding 
their drought resistance and resilience would be valuable to many people.  Native grasses 
have been studied in some detail, but most drought studies are conducted farther west or 
only include a handful of species.  With the Tallgrass prairie in its current state, one 
question yet to be researched in any depth is the drought resistance and resilience of 
pastures dominated by B. inermis and P. pratensis pastures compared to a pasture with an 

















DROUGHT RESISTANCE AND RESILIENCE OF NON-NATIVE VS. NATIVE 
GRASSES IN THE NORTHERN TALLGRASS PRAIRIE 
 
Introduction 
 Drought has had major impacts on rangelands throughout the world, and certainly 
the Great Plains are no exception.  Various plant communities respond differently to 
drought depending on species composition and species diversity.  A number of drought 
studies have taken place in an effort to show a correlation between drought response and 
species composition, species diversity, and/or species richness.  The Insurance 
Hypothesis (Lawton and Brown 1993; Yachi and Loreau 1999) suggests that more 
diverse plant communities are more resistant to drought.  The hypothesis explains that an 
increase in plant species diversity reduces the losses in ecosystem function as a result of 
environmental disturbance (drought e.g.,) because an increase in the number of species 
means an increase in plant characteristics for the community as a whole.  In other words, 
with a variety of adaptations present the plant community collectively can survive 
fluctuating climatic conditions (Isabell et al. 2009). 
 Results from some studies have agreed with the insurance hypothesis.  Research 
done by Tilman and Downing (1994) concluded that diverse plant communities produced 
more biomass during and after drought, relative to the biomass production before the 
drought, than a community with fewer species.  Craine et al. (2012) concluded from his 
research that functional diversity in grasslands around the world makes them more 
resilient to drought, eliminates the need to introduce drought tolerant grasses to an area, 
and helps the community recover after a drought. 
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However, despite the practicality of the insurance hypothesis, several studies 
found it to be invalid.  Van Ruijven and Berendse (2010) determined that increased 
species diversity improved recovery from drought, but did not improve drought 
resistance.  Two studies failed to find a relationship between species diversity and 
drought resistance (Lanta et al. 2012, Yongfan et al. 2007).  Another found no 
relationship between species richness and drought resistance or resilience (Carter and 
Blair 2012).   
These species diversity studies are important because changes that have occurred 
on native prairies.  From about the time the vast Tallgrass prairie and Great Plains of the 
Central United States were settled by aspiring farmers and ranchers, non-native plant 
species have been introduced into the native grasslands.  Some were brought here by 
accident, some were planted due to their value as forages, in Europe and Asia, and others 
were used to stabilize and revegetate soils of disturbed areas.  Today, many non-native 
grass species have become naturalized in the grasslands.  Many of these species are cool-
season perennials, such as Bromus inermis and Poa pratensis, and they have become 
major components, if not dominant, in native grasslands (Johnson and Larson 2007).   
As a result of this mixing of species, much of the remaining Tallgrass prairie is 
left with two primary plant communities: native prairie communities that have 
maintained species diversity, and communities that have largely been invaded by 
introduced cool-season grasses and have very little species diversity.  
Some previous drought studies have focused on individual native plant species or 
groups of species during natural or simulated drought conditions.  Tallgrass prairie 
studies by Weaver (1954) in Nebraska and Knapp (1984) in Kansas, found that the 
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dominant species respond differently to drought, some being more productive than 
others.  Weaver (1954) also observed that eventually the drought tolerant, dominant 
species of the Mixed-grass prairie, using seed production, rhizomes, stolons, and tillers, 
began to take over during the drought of the Dust Bowl Era.   
Other studies have looked at introduced species.  Weaver (1954) in his research 
during the Dust Bowl also observed that Poa pratensis experienced a greater decrease in 
abundance compared to many native species.  Cook (1941) researched drought tolerance 
of Bromus inermis varieties and concluded that some varieties have extensive root 
systems and therefore tolerate drought well.  A study of both species in Canada during 
drought found that B. inermis and P. pratensis had significant reductions in aboveground 
biomass, but the extensive root systems aided in recovery from drought. 
Clearly a number of studies have been done separately on species diversity, native 
species, and introduced species.  However, few if any have combined the three into one 
study.  Since B. inermis and P. pratensis have become major components in the Tallgrass 
prairie, a study was needed that compares the effects of drought on areas where these 
introduced species have reduced species diversity and native prairie areas where species 
diversity has been preserved. 
 The objectives of this study were to 1) determine the drought resistance of native 
Tallgrass prairie vs. B. inermis-P. pratensis (introduced) pasture after one year of 
drought, 2) after two years of drought, and 3) determine the drought resilience of native 
prairie vs. introduced pasture after one year of drought and one year of recovery with 
normal/average precipitation.  Based on information gleaned from reviewing previous 
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literature, I hypothesize that native Tallgrass prairie would be more resistant to drought, 
but the introduced pasture would be more resilient to drought. 
 
Materials and Methods 
Study Area 
Research was conducted during the 2013 and 2014 growing seasons at the SDSU 
Volga research station located in Brookings County near Volga, SD (lat 4422’N, long 
9657’W, elev. 510 m).  Topography in this region consists of a tightly undulating, 
hummocky terrain lacking a drainage pattern.  Frequent semi-permanent and seasonal 
wetlands occur throughout the rolling landscape with short distances from one to the next 
(Bryce et al. 1996).   
The potential natural vegetation on this 259-ha research station is tallgrass prairie 
dominated by Andropogon gerardii, Schizachyrium scoparium, Panicum virgatum, 
Sorghastrum nutans, and Bouteloua curtipendula (Web Soil Survey 2014).  Current 
vegetation at the study sites includes:  Non-native Site (dominated by B. inermis and P. 
pratensis) and the Native Site (native tallgrass prairie with the most abundant species 
being S. scoparium, B. curtipendula, and P. pratensis).  Other common species at the 
Native Site include A. gerardii, B. inermis, P. virgatum, Sporobolus heterolepis, Stipa 
viridula, and Stipa spartea. 
The 30-year annual average precipitation is 580 mm and nearly 70% of this 
precipitation occurs during the growing season, from mid-April to mid-September 
(Brookings CO-OP 2010).  Average temperatures throughout the year range from January 
low temperatures of -16C to July high temperatures of 28C (US Climate Data 2015).  
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According to NOAA (2015), Brookings County, SD has a Humid Continental climate 
and lies in the 4b Plant Hardiness Zone with average annual extreme low temperatures 
from 1976 to 2005 ranging between -29C and -32C (USDA 2012). 
 
Study Plots and Treatments 
Three rainout shelters were installed at each site to simulate drought conditions by 
excluding natural or ambient rainfall.  Beneath each shelter were 8, 1 x 1 m study plots 
that bordered one another.  These plots were arranged in rows of 3, 3, and 2, front to 
back.  In the back, the chain and sprocket for the shelter was located in between the two 
study plots.  Two additional study plots were located outside each shelter, so there were 
30 total study plots at each site.  Treatments were based on the 30-year average 
precipitation from the Brookings Coop (2010) weather station.   
In 2013, there were 4 treatments under each shelter and 6 replicates for each 
treatment at each site.  Since the design of this study calls for all four treatments to be 
represented under each shelter, the treatments were randomized so that no two shelters 
out of the 6 total would have the same arrangement or pattern of treatments. The 125% 
treatment provided 25% more moisture to a study plot than the 30-year average 
precipitation, or 125% of the 30-year average.  The 100% treatment gave each plot the 
30-year average precipitation, or 100% of the 30-year average.  The 75% treatment 
provided 25% less than the 30-year average precipitation, or 75% of the 30-year average.  
And the 50% treatment gave the plots 50% less than the 30-year average, or 50% of the 
30-year average.  The plots outside the shelters included Ambient and Well-watered 
treatments, with 3 replicates of each treatment at each site.  The Ambient treatment 
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received only ambient rainfall, so no moisture was added.  The Well-watered treatment 
received 51 mm of moisture each week to determine biomass production with abundant 
moisture.    
The 125% treatment examined the response of the two plant communities to 
above-average precipitation.  The 100% treatment served as a control that established the 
biomass production during a normal or average year, and was used as a comparison for 
the other 5 treatments.  The 75% and 50% treatments were the drought treatments for this 
study.  The 75% treatment represents the threshold of drought according to Bedell (1998) 
and the 50% treatment was used as an example of severe drought.  The Ambient 
treatment represented the biomass production during 2013 and 2014 with only ambient 
rainfall and no supplemental water.  And the Well-watered treatment examined the 
biomass production at the two sites with abundant moisture throughout the growing 
season. 
In 2014, the treatments were altered to study drought resistance vs. drought 
resilience.  To accomplish this, half of the plots or replicates with the 50% and 75% 
treatments were given 100% of the 30-year average in 2014, which was used to study 
drought resilience.  The other half remained the same, which studied drought resistance.  
Also, half of the plots or replicates of the 125% treatment were given average moisture 
while the other half stayed the same.  This studied the changes when moisture is reduced, 
but still sufficient.  Since three treatments had plots that would have a new treatment in 
2014, a coin flip was used for each shelter and each treatment to determine which of the 
two plots would have a new treatment in 2014.  And lastly, in 2014 the 100%, Ambient, 
and Well-watered treatments remained the same.  
 26 
To calculate the moisture requirements for the treatments, the 30-year average 
(1981-2010) precipitation was distributed into a weekly schedule throughout the growing 
season and converted to an amount for each treatment (Brookings CO-OP 2010).  Each 
week, rain gauges were used to determine the amount of ambient precipitation that fell 
outside the rainout shelters as well as underneath them.  This amount was subtracted from 
the moisture requirement for each treatment during a given week.  If needed, 
supplemental irrigation water was applied manually to fulfill the moisture requirements.  
To accomplish this, a water tank was filled and brought to each site.  Then a watering can 
was used to apply the correct amount of water to each study plot based on the treatment.   
Table 1.1 shows the effectiveness of the rainout shelters.  The goal of the rainout 
shelters was to exclude or prevent about 50% of the ambient precipitation from falling on 
the study plots during the growing season.   
 
Table 1.1.  Percentage of ambient rainfall excluded by the rainout shelters, located near 
Volga, SD in 2013 and 2014 








Precipitation Excluded (%) 
 
Percentage of 30-year 
Average Excluded (%) 
2013 2014   2013 2014 
Non-Native 1 
50 
52 48   45 45 
Non-Native 2 57 59  50 57 
Non-Native 3 47 44  39 41 
Native 1 39 48  28 45 
Native 2 41 49  30 46 
Native 3 48 49   39 46 
 
Based on Table 1.1, it can be seen that the rainout shelters at the Non-Native Site 
as a whole were near or exceeded the goal of 50% exclusion of ambient rainfall in both 
years.  At the Native Site, rainout shelter 3 was near the goal in both years.  In 2013, 
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rainout shelters 1 and 2 allowed about 10% more ambient precipitation than the goal, but 
in 2014 both rainout shelters improved and were near the goal of 50% exclusion. 
 However, the amount of rainfall excluded relative to the 30-year average was less.  
At the Non-Native Site in 2013, shelters 1 and 2 were at or near the goal, but shelter 3 
excluded about 11% less than the goal.  At the Non-Native Site in 2014, shelter 1 
performed the same and was near the goal, shelter 2 exceeded the goal, and shelter 3 
improved slightly but was still excluded 9% less than the goal of 50% exclusion.  At the 
Native Site in 2013, all three shelters failed to exclude the desired amount of rainfall 
relative to the 30-year average, ranging from 11 to 22% less than the goal.  However, in 
2014 there was a vast improvement with all three shelters at the Native Site ending up 
near the goal of 50% exclusion. 
Overall from Table 1.1, shelter 2 at the Non-Native Site performed well in both 
years, shelter 1 at the Non-native Site was near the goal in both years, and the other 4 
shelters allowed more than the desired amount of rainfall in one or both years.  There 
were three reasons that the other rainout shelters did not reach the goals.  One reason is 
that the rainout shelters malfunctioned, so sometimes they did not cover the shelters when 
rainfall occurred.  Due to this malfunction, the shelters needed to be operated manually 
during a good portion of the study.  Therefore, the second reason is that unexpected or 
greater than expected rainfall occurred when the shelters were not closed.  The third 
reason is that ambient precipitation in 2013 was above average (see Table 1.2 below ‘A’), 
so even if the shelters excluded 50% of the ambient precipitation, the amount excluded 
was enough to create a severe drought for the 50% treatment, 50% of 30-year average 
precipitation. 
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 Tables 1.2 and 1.3 show the treatment accuracy for 2013 and 2014 based on the 
30-year average precipitation.   
 
Table 1.2.  Treatment accuracy in 2013 based on the percentage of the 30-year average 
precipitation (100%) for the two research sites near Volga, SD. 




2013 Treatments (% of 30-yr Avg.) 
50% 75% 100% 125% Ambient Well-Watered 
Non-Native 1 76 91 108 125 116 259 
Non-Native 2 69 88 105 121 116 259 
Non-Native 3 78 91 107 123 116 259 
Native 1 87 97 114 131 118 262 
Native 2 85 98 112 136 118 262 
Native 3 80 95 111 127 118 262 
 
 
Table 1.3.  Treatment accuracy in 2014 based on the percentage of the 30-year average 
precipitation (100%) for the two research sites near Volga, SD. 










watered 50% 100% 75% 100% 125% 100% 
Non-Native 1 63 106 84 106 106 128 106 105 269 
Non-Native 2 59 106 83 106 106 127 106 105 269 
Non-Native 3 66 106 85 106 106 128 106 105 269 
Native 1 65 106 83 106 106 128 106 101 269 
Native 2 65 106 85 106 106 128 106 101 269 
Native 3 65 106 85 106 106 128 106 101 269 
*Note:  In 2014, half of the 50%, 75%, and 125% treatment study plots repeated the 
treatment from 2013, while the other half received 100% of the 30-year average. 
 
Based on Tables 1.2 and 1.3, the treatments were much closer to the goals in 2014 
compared to 2013.  The Ambient treatment did not have a goal, but ended up between the 
100% and 125% treatments in 2013 and very near the 100% treatment in 2014, in regards 
to moisture over the growing season.  The goal of the well-watered treatment was to 
provide abundant moisture throughout the growing season, or about 3 times more 
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moisture than 30-year average precipitation.  In both years, the well-watered treatments 
received well over 2.5 times the 30-year average, so this treatment was successful.  In 
2013 the shelter treatments lacked precision and accuracy.  The 50% treatment study 
plots received anywhere from 19 to 37% more moisture than the goal, and the 75% 
treatment study plots received 13 to 22% more moisture than the goal.  The 100% 
treatment study plots received 5 to 14% more moisture than the goal, while 125% 
treatment study plots had ranged from 4% less than the goal to 11% more than the goal. 
While neither site reached the goals, the Non-Native Site was more accurate than at the 
Native Site.  In 2014, a vast improvement in accuracy and precision was achieved for the 
shelter treatments compared with the previous year.  The 50% drought treatment study 
plots received 9 to 16% more than the goal, and the 75% drought treatment study plots 
received 8 to 10% more than the goal.  The study plots having the 100% treatment and 
the treatments that received 100% of the 30-year average in 2014 were successful, 
receiving only 6% more moisture than the goal.  The 125% treatment study plots were 
very successful since they received only 2 to 3% more moisture than the goal. 
There were several reasons the treatment goals were not met, three of which were 
described earlier:  1) shelter malfunction, 2) unexpected rainfall, and 3) above-average 
precipitation in 2013.  In addition to these reasons, another reason was the study was set 
up to have each week as a separate event, so each study plot was watered based on that 
week’s moisture requirement for each treatment.  The issue with this was that during 
some weeks when the shelters did not operate correctly or when unexpected rainfall 
occurred when the shelters needed to be closed manually, the 50% and 75% study plots 
received more moisture than the treatment requirement for that week.  Then the next 
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week each study plot would receive the treatment requirement, and so on.  Therefore the 
excess moisture was not accounted for over the course of the growing season, so the 50% 
and 75% study plots received more moisture than the treatment goal.  The 100% and 
125% study plots had higher moisture requirements, so thus they were less affected and 
ended up closer to the treatment goal.  Treatment accuracy may have been improved by 
subtracting the excess moisture from the following week or for multiple weeks if 
necessary until each study plot once again was on track for the treatment goal.   
 
Biomass Sampling Procedures 
At the end of the growing season in September of 2013 and 2014, biomass was 
clipped from each study plot.  A 0.25 m
2
 plot frame was placed in the center of each 
study plot.  Only plants rooted within plot frame were clipped near the soil surface.  The 
study plots were clipped by species in the field as time and weather allowed.  The 
remaining biomass was clipped and then sorted by species later.  After sorting was 
complete, all biomass was dried in a 60C oven and then weighed.   
 
Experimental Design 
 The experimental design was a split-plot design with the site serving as the whole 
plot and the drought/watering treatments serving as the subplots.  Data was organized 
into three separate experiments:  Experiment I, 1-year drought resistance; Experiment II, 
2-year drought resistance; and Experiment III, drought resilience after 1-year of drought 
and 1-year of recovery.  Experiment I compared the biomass produced in 2013 for 
drought and non-drought treatments.  Experiment II was similar to the first, but it 
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compared the biomass produced in 2014 after a two-years of drought and non-drought 
treatments in 2013 and 2014 (i.e. the same treatment during both years).  Experiment III 
compared the biomass produced in 2014 after one year of drought or non-drought 
treatments in 2013 and one year of normal or average precipitation in 2014.  As 
previously mentioned, half of the study plots that had the 50%, 75%, and 125% 
treatments in 2013 repeated the same treatment in 2014, so the data from these study 
plots was used for Experiment II.  The other half of the study plots that had the 50%, 
75%, and 125% treatments in 2013 were given 100% of the average precipitation based 
on the 30-year average precipitation in 2014, so the data from these study plots was used 
for the Experiment III.  Data from the Ambient and Well-watered treatments was used in 
Experiments I and II, but it was not included in Experiment III because they received the 
same treatment in both years and did not change in 2014. 
 
Statistical Analysis 
Statistical analysis was completed using SAS (2015).  For all treatments in 
Experiments I and II and treatments (50%, 75%, 100%, and 125%) that received 100% of 
30-year average in Experiment III, total biomass was analyzed in Proc Mixed where site, 
treatment, and site by treatment were considered fixed effects.  Shelter within site was 
considered a random effect and served as the error term for site.  The residual was used as 
the error term to test treatment and the site by treatment interaction.  Means were 
separated using the LS-Means statement with the P-Diff option to determine mean 
differences (p < 0.05) and calculate standard errors.  A linear contrast statement was used 
to determine the linear treatment effect of the 50%, 75%, 100%, and 125% treatments. 
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Species composition or functional group composition was analyzed separately for 
each site because the species were not the same at each site.  The mixed model included 
treatment as a fixed effect and shelter as a random effect.  Means and standard errors 
were calculated with the LS-Means statement using the P-Diff option. 
 
Results and Discussion 
Experiment 1:  1-year Drought 
  There was no significant site (p = 0.3) or site by treatment (p = 0.3) effect on 
total biomass production experiencing 1-year of designated treatments.  However, there 
was a significant treatment (p = 0.01) effect of drought on total biomass (Fig. 2.1).  The 
treatments under the shelters (50%, 75%, 100%, 125%) showed a linear increase in 
biomass from the 50% to the 125% of the 30-year average (p = 0.01).  Van Ruijven and 
Berendse (2010) observed similar results in their study, that species diversity did not 




Figure 2.1.  Total biomass production for each treatment in 2013 at the Non-Native and 
Native Sites near Volga, SD. 
 
An interesting observation from Figure 2.1 is that there is no significant 
difference between the 125% treatment and the Well-watered treatment.  One would 
think that with 2x more moisture there would mean an increase in biomass production.  
However, the results indicate that with 125% of the 30-year average precipitation, 
biomass production basically levels off and water is no longer limiting.  It could be 
surmised that with sufficient water, it is nutrients such as nitrogen and phosphorus that 
are limiting, which could prevent grasses from producing greater biomass.  Knapp (1984) 
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significant difference in biomass production in study plots that were irrigated compared 
to those that were not irrigated for three native Tallgrass species:  A. gerardii, S. 




Figure 2.2.  Percentage of the total biomass comprised by each species for each treatment 
at the Non-Native Site in 2013 near Volga, SD. 
 
*Note:  Cirsium arvense was only present in one treatment, and therefore a standard error 












































Figure 2.3.  Percentage of the total biomass comprised by each functional group for each 
treatment at the Native Site in 2013 near Volga, SD. 
 
There was a significant treatment effect of drought on Bromus inermis (p = 0.03) 
and Poa pratensis (p = 0.02) at the Non-Native Site in 2013 (Fig. 2.2).  In the 75% 
treatment, there was a large gap between the percentage of Bromus inermis and that of 
Poa pratensis, with Poa pratensis producing significantly more biomass.  However the 
other 5 treatments (50%, 100%, 125%, Well-watered, and Ambient) were similar 
between these two species.  There was no linear increase in biomass production from the 
50% treatment to the 125% treatment for the two species; B. inermis (p = 0.5) and P. 
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therefore statistical analysis could not produce a p-value for treatment affect or linear 
trend.  This species had limited abundance at the Non-Native Site. 
It should be noted that abundance of Bromus inermis and Poa pratensis tends to 
fluctuate at the Non-Native Site since these two species grow in close association and 
possess different characteristics, so one species might be more abundant one year and the 
other the next.  These characteristics include the deeper root system of Bromus inermis 
(Cook 1943) and the shallow, dense root system of Poa pratensis (Dong et al. 2014). 
There were no significant differences by treatment in any of the functional 
groups; warm-season native grass (p =0.2), cool-season introduced grass (p = 0.4), cool-
season native grass (p = 0.3), and forbs (p =0.6) at the Native Site (Fig. 2.3).  There was 
no linear increase in biomass production from the 50% treatment to the 125% treatment 
within the functional groups; warm-season native grass (p = 0.2), cool-season introduced 
grass (p = 0.4), cool-season native grass (p = 0.3), and forbs (p = 0.4).  Forbs made up a 
very small portion of the biomass in all treatments.  Cool-season native grasses were 
more prevalent than forbs, and made up 10% or more of the composition in three of the 
treatments.  Warm-season native grasses and cool-season introduced grasses were by far 
the most abundant functional groups.  Warm-season native grasses made a greater 
proportion of the biomass than cool-season introduced grasses with above-average 
moisture in the 100%, 125%, and Ambient treatments.  These treatments received 
between 110% and 135% of the 30-year average precipitation (Fig. 1.2).  Production in 
the other three treatments was similar for these two functional groups.   
Forbs were likely low in abundance due to drift from annual aerial spraying in 
early spring to control invasive weeds in the area near the study sites.  Cool-season native 
 37 
grasses are bunchgrasses and do not spread as aggressively as rhizomatous cool-season 
introduced grass species like Bromus inermis and Poa pratensis, which often outcompete 
native cool-season grasses with a lack of disturbance (Grant et al. 2009).  Warm-season 
native grasses possess various adaptations and while some are more drought resistant 
than others, every species has the ability to survive drought (Knapp 1984; Martin et al. 
1991).  Cool-season introduced grasses can adapt to various conditions, which 
contributed to their abundance in the study plots.  The lack of a linear trend is likely a 
result of the functional group composition being variable from shelter to shelter and study 
plot to study plot at the Native Site. 
 
Experiment 2:  2-year Drought Resistance 
There was no significant site effect (p = 0.8) or site by treatment effect (p = 0.6), 
but there was a significant treatment effect (p = 0.04) for total biomass production in 
2014 after two years of drought treatments.  There was a significant linear trend (p = 
0.009) in total biomass production from the 50% drought treatment to the 125% treatment 
(Fig. 2.4).  There was no significant difference between the 125% and the Well-watered 
treatments, which suggests that water is no longer limiting forage production at 125% of 
the 30-year average.  
Donkor et al. (2002) found similar results for Bromus inermis and Poa pratensis,  
concluding that aboveground biomass was susceptible to low soil moisture and drought  
conditions.  Similar to the results of this experiment, Lanta et al. (2012) failed to find 
evidence that increased species diversity would lead to improved drought resistance.  The 
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results of this study and those of previous studies mentioned regarding species diversity 
could be explained by competition and functional groups.   
 
 
Figure 2.4.  Total biomass production for each treatment after 2 consecutive years (2013-
2014) of the repeated treatments at the Non-Native and Native Sites near Volga, SD. 
 
*Note:  Half of the 50%, 75%, and 125% study plots study plots received the same 
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Figure 2.5.  Percentage of the 2014 biomass comprised by each species after 2 
consecutive years of repeated treatments at the Non-Native Site near Volga, SD. 
 
*Note:  Cirsium arvense was only present in two treatments, and therefore a standard 
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Figure 2.6.  Percentage of the 2014 biomass comprised by each functional group after 2 
consecutive years of repeated treatments at the Native Site near Volga, SD. 
 
Treatment effect was not significant (Bromus inermis p =0.7, Poa pratensis p = 
0.5) at the Non-Native Site in 2014 after two years of drought and non-drought 
treatments.  While each species was not significantly different among the treatments, 
Figure 2.5 appears to show a disparity between Bromus inermis and Poa pratensis in the 
50%, 75%, Well-watered, and Ambient treatments, with Poa pratensis having the higher 
percentage in all four cases. The 2 species seem to be fairly equal in the 100% and 125% 
treatments.  There was no linear increase in biomass production from the 50% treatment 
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Cirsium arvense was only present in the 100% and 125% treatments in small percentages, 
and therefore statistical analysis could not produce a p-value for treatment affect or linear 
trend. 
There was no significant treatment effect in the functional groups; warm-season 
native grasses (p = 0.1), cool-season introduced grasses (p = 0.1), cool-season native 
grasses (p = 0.6), and forbs (p = 0.9) at the Native Site in 2014 after two years of the 
same treatment (2013-2014).  Warm-season native grasses increased linearly (p = 0.03) 
from the 50% treatment to the 125% treatment (Fig. 2.6).  The other 3 functional groups 
had no linear trend; cool-season introduced grass (p = 0.2), cool-season native grass (p = 
0.3), and forbs (p = 0.2) present from the 50% treatment to the 125% treatment.   
Forbs made up a very small portion of the biomass in all treatments (Fig. 2.6).  
Cool-season native grasses made up a modest percentage of the total biomass in most 
treatments, however they did make up nearly 20% of the total biomass in the 75% 
treatment.  Warm-season native grasses and Cool-season introduced grasses were by far 
the most abundant functional groups.  The linear trend found in native warm-season 
grasses indicates that biomass production increased with an increase in precipitation, 
which is to be expected.  Variability in the abundance of functional groups in each shelter 
and each study plot most likely contributed to the lack of linear trend in the other 3 
functional groups. 
 
Experiment 3:  Drought Resilience after 1-year of drought and 1-year of recovery 
There was no significant site effect (p = 0.6), but the treatment effect (p < 
0.0001) and the site by treatment effect (p = 0.0009) were both significant.  Treatments 
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from 50% to 125% of the 30-year average had a linear response (p < 0.0001) in total 
biomass (Fig. 2.7). 
The site by treatment result is surprising, but seems to be based upon the 50% 
treatment in which the Non-Native Site produced significantly more biomass than the 
Native Site (Fig. 2.7).  However, biomass production in the 75% treatment was very 
similar for the two sites, meaning that this result is likely an anomaly.  Overall, the results 
tend to agree with Carter and Blair (2012) who found that a higher number of species had 
little effect on drought response (resistance, recovery, and resilience). 
Based on the results, when the drought treatments (50% and 75%) received 100% 
of the 30-year average in 2014 after a year of drought in 2013, the biomass production 
was not equal to that of the 100% treatment.  In other words, they were not resilient after 
a one-year drought and one-year of recovery (100% of the 30-year average).  In addition, 
the sites were fairly equal in their response.   
These data support that there is often a lag effect in drought recovery, even after 
one-year of drought as evidenced by the 50% and 75% treatments not producing the same 
amount of biomass as the 100% treatment.  Biomass produced during a year with 100% 
of the 30-year average precipitation is the measure of drought recovery and lag effect 
refers to amount of time it required to reach this level of production.  Carter et al. (2012) 
cited this lag effect in their study as the explanation for decreased bud density in the soil 
soon after drought and decreased stem density during the year of recovery after the 
drought.  Smart et al (2007) suggests that lag effect in forage production after drought 
could be decreased by years with higher precipitation, because Nitrogen mineralization 
rates are often higher in more moist climates (Burke et al. 1997).  It must be mentioned 
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that the study sites received below average precipitation (about 83% of the 30-year 
average precipitation or 80mm below average) during the growing season of 2012, before 
the research was started (Brookings CO-OP 2012).   
 
 
Figure 2.7.  Total biomass production in 2014 after one-year of 50%, 75%, 100%, and 
125% treatments and one-year with 100% of the 30-year average at the Non-Native and 
Native Sites near Volga, SD. 
 
*Note:  Half of the 50%, 75%, and 125% study plots received 100% of the 30-year 
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Figure 2.8.  Percentage of the 2014 biomass comprised by each species after one-year of 
50%, 75%, 100%, and 125% treatments and one-year with 100% of the 30-year average 













































Figure 2.9.  Percentage of the 2014 biomass comprised by each functional group after 
one-year of 50%, 75%, 100%, and 125% treatments and one-year with 100% of the 30-
year average at the Native Site near Volga, SD. 
 
 
There was no linear trend from the 50% treatment to the 125% treatment and no 
significant treatment effect for Bromus inermis (p = 0.3 and p = 0.6, respectively) or Poa 
pratensis (p = 0.1 and p = 0.9, respectively) after one year of 50%, 75%, 100%, and 
125% and one-year with 100% of the 30-year average (Fig. 2.8).   Percentage of Bromus 
inermis and Poa pratensis are similar in the 50%, 100%, and 125% treatments, but there 
is a definite disparity in the 75% treatment with Poa pratensis producing more biomass.  
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percentages, so therefore SAS (2015) could not be calculate a p-value for treatment effect 
or a linear trend. 
There were no significant differences by treatment in the functional groups; 
warm-season native grasses (p = 0.2), cool-season introduced grasses (p = 0.2), cool-
season native grasses (p = 0.2) and forbs (p = 0.6) at the Native Site in 2014 after one-
year of 50%, 75%, 100%, and 125% treatments and one-year with 100% of the 30-year 
average (Fig. 2.9).  There was no linear trend from the 50% treatment to the 125% 
treatment in any of the functional groups; warm-season native grasses (p =0.4), cool-
season introduced grasses (p =0.6), cool-season native grasses (p =0.2), and forbs (p 
=0.4).  Forbs made up a very small portion of the biomass in all treatments.  Cool-season 
native grasses were more prevalent than forbs.  In the 50% and 125% treatments, cool-
season native grasses made up more than 15% of the total biomass.  Warm-season native 





While the Non-Native Site features basically just two species, the two have 
different characteristics:  Poa pratensis is a sod-forming grass with a shallow, dense root 
system that takes advantage of water and nutrients near the soil surface (Dong et al. 2011; 
2014) and Bromus inermis is a rhizomatous grass with a deeper root system (Otfinowski 
et al. 2007).  Native prairie features many more species and characteristics including sod-
forming grasses, rhizomatous grasses, and bunchgrasses along with forbs and shrubs 
(Tilman and Downing 1994).  Despite the lack of species diversity, an absence of 
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bunchgrasses and shrubs, and only one forb at the Non-Native Site, the soil profile and 
soil surface are occupied primarily by the two types of grasses, creating a stable and 
fairly productive plant community.  The Native Site has more niches and variety, but the 
Non-Native Site has species that probably occupy those niches and has less competition.  
This could explain why there was no significant difference in the two sites for in this 
study. 
The hypotheses could not be supported since the results indicate that the two sites 
responded to the various treatments in a similar fashion.  With improvements to the 
rainout shelters to create more accurate drought treatments, increased numbers of study 
plots and replicates, and more years of research, it is possible that more conclusive results 
could be attained.  This topic of drought resistance and resilience of native grasses versus 
introduced grasses remains an important topic in South Dakota and therefore additional 
research could improve the understanding of the benefits and drawbacks of each plant 
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Rainout Shelter System 
Construction and Installation 
The study used 6, 3.7 x 3.7 x .9 m Automated Rainout Shelters; each covering 8 
study plots to simulate drought conditions.  The shelters were constructed using a welded 
steel frame.  The upper portion of the frame used lightweight square steel rods for the 4 
trusses and the support rod in the back.  The base of the frame used heavy-duty square 
steel tubes.  The frame was constructed with higher ground clearance in the front so that 
as the shelter passed over the study plots, the vegetation would not be trampled.  Rainfall 
was excluded by using corrugated steel siding bolted over the top and the sides of the 
shelter, and by hinged shutters made of landscaping fabric attached to the front and back.  
The rainout shelters sat on a rail system built around the study plots with the study 
plots sitting at front end of the rails.  The rails were designed to be long enough that the 
rainout shelter could sit at the back end of the rails without covering the study plots.  This 
was to allow natural light to shine on the study plots when there is no precipitation.   
In order to setup the rainout shelters, the rail system had to be constructed first.  
The 9m long rails were made of heavy-duty square steel tubing that was attached to steel 
t-rods, so that they sat level at least .3 m off the ground.  The rails were paired up on 
either side of the study plots approximately 4 m apart and were made level to each other.  
Garage door tracks were then attached along the top of the rails.  Garage door rollers 
were inserted into predrilled holes at the base of the rainout shelter frames.  The shelter 
could then be lifted and could slide onto the rails using the rollers and track.   
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To prepare for the setup of the mechanical system, a square wood post was set in 
the ground at the back end of the rails behind the rainout shelter.  Due to the force 
required to move the rainout shelters, support was needed to keep the wood posts in 
place.  To alleviate this, ground anchors and t-posts were set in the ground behind each 
wood post, and then wired to the wood post.   
 
Mechanical System   
The mechanical system of the rainout shelters consisted of a motor, chain and 
sprockets.  Dayton 1/6 horsepower gearmotors were used for the study with a sprocket 
installed onto the motor shaft.  A motor was attached to each wood post with deck 
screws.  The chain was then placed on the motor sprocket, allowing the motor to rotate 
the chain.  For the sprocket on the opposite end of the chain, a sprocket, axle, and winch 
system was used.  The sprockets were placed on a galvanized pipe with bolts at each end 
to serve as an axle.  With the sprocket and axle assembled, the chain was then placed on 
the second sprocket.  To attach the axle and sprocket to the winch, 14-gauge wire was 
threaded through the pipe and through a hole on the handle of the winch to secure the 
winch, axle, and sprocket together. 
On the other end of the chain, the second sprocket was installed by first lining up 
a short steel t-post with the motor sprocket and pounding into the ground until about .25 
m remained aboveground.  Next, 14-gauge wire was wrapped around the post and 
threaded through the hole on the axle of the winch.  To keep the sprocket and chain off 
the ground, a wooden stake was pounded into the ground underneath the handle of the 
winch so the winch could sit on top.  The winch was then tightened using a special type 
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of wrench until the chain was fairly taut, meaning that it was off the ground or only 
slightly resting on the ground.  Finally, the chain is attached to the base of the rainout 
shelter on the backside so that the motor could move it back and forth along the tracks. 
 
Electrical System 
The electrical system consisted of a 12-volt deep cycle marine battery, a 15-amp 
solar panel, a circuit board, a liquid detection system, a relay switch, and two end 
switches.  To set it up, a solar panel was attached toward to top of each wood post, facing 
south and tilted upward to catch the most sunlight.  A charge controller then was 
connected to the solar panel and the battery to maintain a charge.  The battery and circuit 
board were placed inside a Rubbermaid tub next to the wood post to protect them from 
the elements.  Another wire connected the battery to the fuse on the circuit board to 
power the system.   
Next, a rain gauge was attached to the wood post.  A mesh screen was placed 
inside the funnel on top of the rain gauge to prevent insects from getting into the gauge.  
Underneath the funnel, a piece of dishtowel was added to prevent dirt particles from 
entering the gauge.  Inside the gauge was a second funnel that sat on top of a ring of 
silicone.  In this second funnel are two wires that are secured to the funnel wall.  When 
these wires became wet, it triggered the relay switch and the motor pulled the rainout 
shelter to cover the plots (the opposite occurred when the wires were dry).  To restrict 
water flow, a small tube was placed in the funnel hole with silicone to hold it in place.  
The purpose of this is to hold water in the second funnel to keep the wires wet, even 
during a light rain.  Otherwise, if the wires went from wet to dry to wet, etc. the shelter 
 55 
could jerk back and forth causing a blown fuse.  When the water passes through the 
second funnel, it exits out of the rain gauge through holes in the bottom.  
In order to stop the shelter at each end of the tracks, end switches are used.  The 
end switches consist of a bracket with a couple of bolts welded on, a wood block fitted 
over the bolts, and a small switch attached to the side of the wood block.  To install the 
end switches, the bracket was first securely attached to the rail.  Next, the wood block 
was adjusted up or down based on the height of the shelter frame.   The switch must be 
high enough that the bottom of the shelter frame pushes down on the lever of the switch 
causing it to click, but low enough that the shelter does not hit the switch, which could 
break the switch and the wood block as well.  To aid the switch in stopping the shelter, t-
posts were pounded into the ground directly behind the switch.  Lastly, the switch wires 
were connected to the circuit board. 
When the electrical system worked properly, rain in the rain gauge triggered the relay 
switch to start the motor.  The motor rotated the chain, causing the rainout shelter to slide 
over the study plots until the shelter hit the end switch and stopped.  The study plots 
remained covered until the wires in the rain gauge became dry.  The relay switch then 
triggered the motor the turn in the opposite direction pulling the shelter back until it hit 
the end switch and stopped at the other end.  The study plots were then able to collect 







Brome Site 2013 
Table 3.1.  Biomass production for each plot, treatment, and plant species at the Brome 
Site near Volga, SD in 2013. 
                



























BRIN 65.0 53.3% 
POPR 56.8 46.7% 
CIAR   
2 1 140.4 
BRIN 73.5 52.3% 
POPR 66.3 47.2% 
CIAR 0.6 0.4% 
3 1 109.9 
BRIN 39.6 36.1% 
POPR 70.3 63.9% 
CIAR   
1 2 118.7 
BRIN 65.8 55.5% 
POPR 52.9 44.5% 
CIAR   
2 2 145.3 
BRIN 57.7 39.7% 
POPR 87.6 60.3% 
CIAR   
3 2 130.4 
BRIN 61.8 47.4% 
POPR 68.6 52.6% 





BRIN 89.9 56.4% 
POPR 57.0 35.8% 
CIAR 12.5 7.8% 
2 1 135.5 
BRIN 67.2 49.6% 
POPR 68.3 50.4% 
CIAR   
3 1 130.4 
BRIN 55.7 42.7% 
POPR 74.7 57.3% 
CIAR   
1 2 110.2 
BRIN 44.5 40.4% 
POPR 65.6 59.6% 
CIAR   
2 2 133.9 
BRIN 65.0 48.6% 
POPR 68.9 51.4% 
CIAR   
3 2 131.4 
BRIN 64.5 49.0% 
POPR 67.0 51.0% 
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CIAR   
1 75% 1 149.9 
120.9 
BRIN 57.0 38.0% 
POPR 92.9 62.0% 
CIAR   
2 75% 1 135.1 
BRIN 61.9 45.8% 
POPR 73.3 54.2% 
CIAR   
3 75% 1 111.5 
BRIN 34.4 30.8% 
POPR 77.1 69.2% 
CIAR   
1 75% 2 103.8 
BRIN 51.6 49.7% 
POPR 52.2 50.3% 
CIAR   
2 75% 2 120.6 
BRIN 48.8 40.5% 
POPR 71.8 59.5% 
CIAR   
3 75% 2 104.7 
BRIN 28.8 27.5% 
POPR 75.9 72.5% 
CIAR   
1 50% 1 102.3 
120.9 
BRIN 48.0 47.0% 
POPR 54.3 53.0% 
CIAR   
2 50% 1 128.3 
BRIN 70.6 55.0% 
POPR 57.7 45.0% 
CIAR   
3 50% 1 106.2 
BRIN 29.0 27.3% 
POPR 77.2 72.7% 
CIAR   
1 50% 2 130.2 
BRIN 85.2 65.5% 
POPR 44.9 34.5% 
CIAR   
2 50% 2 133.8 
BRIN 59.8 44.7% 
POPR 74.0 55.3% 
CIAR   
3 50% 2 124.4 
BRIN 70.1 56.4% 
POPR 54.3 43.6% 
CIAR   
Outside A 1 96.9 
116.5 
BRIN 61.3 63.3% 
POPR 35.6 36.7% 
CIAR   
Outside A 2 125.1 
BRIN 54.8 43.8% 
POPR 70.3 56.2% 
CIAR   
Outside A 3 127.5 
BRIN 64.5 50.5% 
POPR 63.1 49.5% 
CIAR   
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Outside WW 1 106.3 
129.1 
BRIN 67.6 63.6% 
POPR 38.7 36.4% 
CIAR   
Outside WW 2 134.4 
BRIN 64.2 47.8% 
POPR 70.2 52.2% 
CIAR   
Outside WW 3 146.8 
BRIN 74.0 50.4% 
POPR 72.8 49.6% 






































Brome Site 2014 
 
Table 3.2.  Biomass production for each plot, treatment, and plant species at the Brome 
Site near Volga, SD in 2014. 
                




























BRIN 77.4 52.1% 
POPR 71.2 47.9% 
CIAR   
2 1 127.9 
BRIN 64.5 50.4% 
POPR 60.0 46.9% 
CIAR 3.5 2.7% 
3 1 104.8 
BRIN 37.2 35.5% 
POPR 67.6 64.5% 






BRIN 73.4 54.6% 
POPR 58.4 43.5% 
CIAR 2.6 2.0% 
2 1 126.8 
BRIN 49.8 39.2% 
POPR 65.1 51.4% 
CIAR 11.9 9.4% 
3 1 124.3 
BRIN 58.6 47.1% 
POPR 65.7 52.9% 





BRIN 72.5 46.6% 
POPR 74.4 47.8% 
CIAR 8.7 5.6% 
2 1 131.2 
BRIN 65.1 49.6% 
POPR 66.2 50.4% 
CIAR   
3 1 121.7 
BRIN 51.3 42.2% 
POPR 70.4 57.8% 
CIAR   
1 2 104.8 
BRIN 41.7 39.7% 
POPR 63.1 60.3% 
CIAR   
2 2 128.7 
BRIN 59.5 46.2% 
POPR 69.3 53.8% 
CIAR   
3 2 119.8 
BRIN 56.9 47.5% 
POPR 63.0 52.5% 
CIAR   
1 75% 1 127.1 112.3 BRIN 47.9 37.7% 
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Resistant POPR 79.1 62.3% 
CIAR   
2 1 96.8 
BRIN 39.5 40.8% 
POPR 57.3 59.2% 
CIAR   
3 1 113.0 
BRIN 40.1 35.5% 
POPR 73.0 64.5% 






BRIN 55.2 48.7% 
POPR 58.2 51.3% 
CIAR   
2 1 120.2 
BRIN 53.6 44.6% 
POPR 66.6 55.4% 
CIAR   
3 1 98.9 
BRIN 31.8 32.2% 
POPR 67.1 67.8% 






BRIN 49.6 53.9% 
POPR 42.5 46.1% 
CIAR   
2 1 119.5 
BRIN 51.9 43.4% 
POPR 67.6 56.6% 
CIAR   
3 1 107.1 
BRIN 26.6 24.8% 
POPR 80.5 75.2% 






BRIN 81.1 58.5% 
POPR 48.3 34.8% 
CIAR 9.2 6.6% 
2 1 136.5 
BRIN 63.6 46.6% 
POPR 73.0 53.4% 
CIAR   
3 1 119.5 
BRIN 60.2 50.4% 
POPR 59.4 49.6% 
CIAR   
Outside Ambient 1 90.2 
121.2 
BRIN 43.8 48.5% 
POPR 46.4 51.5% 
CIAR   
Outside Ambient 2 134.9 
BRIN 48.8 36.2% 
POPR 86.1 63.8% 
CIAR   
Outside Ambient 3 138.5 
BRIN 53.4 38.6% 
POPR 85.0 61.4% 




1 98.1 127.9 
BRIN 53.7 54.7% 
POPR 44.4 45.3% 
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BRIN 54.9 37.1% 
POPR 93.2 62.9% 





BRIN 29.1 21.1% 
POPR 108.6 78.9% 








































Native Site 2013 
 
Table 3.3.  Biomass production for each plot, treatment, plant species, and functional 
group at the Native Site near Volga, SD in 2013. 
                  








































DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC 0.7 
Cool-Season 
Native Grass 
















3 125% 1 140.5 ANGE 86.3 Warm- 95.0 
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DIOL var. SC 0.5 
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC 0.2 
Cool-Season 
Native Grass 
39.0 ELSM/ELTR  
NAVI/STSP 38.8 
























DIOL var. SC 2.9 
Cool-Season 
Native Grass 




























DIOL var. SC 1.2 
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC 0.8 
Cool-Season 
Native Grass 




























DIOL var. SC 2.3 
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 




























DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC 1.7 
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 




























DIOL var. SC 0.1 
Cool-Season 
Native Grass 



























DIOL var. SC 1.9 
Cool-Season 
Native Grass 



























DIOL var. SC  Cool-Season 0.2 
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DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC 1.1 
Cool-Season 
Native Grass 




























DIOL var. SC 1.1 
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 




























DIOL var. SC 0.6 
Cool-Season 
Native Grass 




























DIOL var. SC  
Cool-Season 
Native Grass 
















Outside Ambient 2 130.8 ANGE  Warm- 56.2 
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DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 






























DIOL var. SC  
Cool-Season 
Native Grass 
8.5 ELSM/ELTR 0.1 
NAVI/STSP 8.5 



























DIOL var. SC 0.1 
Cool-Season 
Native Grass 






























DIOL var. SC  
Cool-Season 
Native Grass 












ONBE var. OC  
SYOC  
ROAR  




Native Site 2014 
 
Table 3.4.  Biomass production for each plot, treatment, plant species, and functional 
group at the Native Site near Volga, SD in 2014. 
                  











































DIOL var. SC  
Cool-Season 
Native Grass 






























DIOL var. SC 0.3 
Cool-Season 
Native Grass 
















3 125% 1 132.2 ANGE 82.9 Warm- 92.7 
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DIOL var. SC 0.7 
Cool-Season 
Native Grass 































DIOL var. SC 0.1 
Cool-Season 
Native Grass 






























DIOL var. SC 0.1 
Cool-Season 
Native Grass 
39.7 ELSM/ELTR  
NAVI/STSP 39.7 



























DIOL var. SC 2.5 
Cool-Season 
Native Grass 




























DIOL var. SC 0.1 
Cool-Season 
Native Grass 



























DIOL var. SC 0.7 
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC 0.1 
Cool-Season 
Native Grass 




























DIOL var. SC 1.1 
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 































DIOL var. SC 0.1 
Cool-Season 
Native Grass 






























DIOL var. SC 0.1 
Cool-Season 
Native Grass 






























DIOL var. SC 0.6 
Cool-Season 
Native Grass 
































DIOL var. SC 0.1 
Cool-Season 
Native Grass 






























DIOL var. SC 1.6 
Cool-Season 
Native Grass 






























DIOL var. SC  Cool-Season 0.0 
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DIOL var. SC  
Cool-Season 
Native Grass 






























DIOL var. SC 1.5 
Cool-Season 
Native Grass 































DIOL var. SC 1.6 
Cool-Season 
Native Grass 































DIOL var. SC 0.1 
Cool-Season 
Native Grass 











Native Forb 5.8 


















DIOL var. SC  
Cool-Season 
Native Grass 































DIOL var. SC  
Cool-Season 
Native Grass 




























DIOL var. SC  
Cool-Season 
Native Grass 
















Outside Ambient 2 108.1 ANGE  Warm- 40.0 
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DIOL var. SC  
Cool-Season 
Native Grass 



























DIOL var. SC  
Cool-Season 
Native Grass 






























DIOL var. SC  
Cool-Season 
Native Grass 
12.6 ELSM/ELTR  
NAVI/STSP 12.6 



























DIOL var. SC 0.1 
Cool-Season 
Native Grass 






























DIOL var. SC  
Cool-Season 
Native Grass 

















Precipitation and Irrigation Data 
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Brome Site 2013 
Table 4.1.  Ambient precipitation and precipitation underneath the rainout shelters 
compared to the Co-op 30-year average precipitation at the Brome Site near Volga, SD in 
2013.  (Brookings CO-OP 2010). 










Precipitation under Rainout 
Shelters by shelter # (mm) 
1 2 3 
5/2-5/8 14 25 25 25 25 
5/9-5/15 16 21 21 21 21 
5/16-5/22 18 40 24 24 24 
5/23-5/29 20 26 12 12 12 
5/30-6/5 23 29 16 17 21 
6/6-6/12 25 46 21 21 13 
6/13-6/19 27 3 2 2 3 
6/20-6/26 25 122 32 32 32 
6/27-7/3 23 0 0 0 0 
7/4-7/10 20 35 4 4 14 
7/11-7/17 18 38 31 11 31 
7/18-7/24 16 4 2 2 3 
7/25-7/31 16 2 2 2 2 
8/1-8/7 16 11 2 8 11 
8/8-8/14 17 10 8 7 8 
8/15-8/21 18 0 0 0 0 
8/22-8/28 17 3 2 2 2 
8/29-9/4 16 0 0 0 0 
9/5-9/11 16 2 2 2 2 
9/12-9/18 15 4 4 4 4 
9/19-9/25 14 32 2 1 11 
9/26-10/2 12 13 10 4 9 
Total 402 466 222 201 248 
*Note:  2013 Ambient Precipitation (mm) is what the Ambient Treatment received with 













Table 4.2.  Amount of irrigation water added for each shelter and treatment at the Brome 
Site near Volga, SD in 2013. 
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Date 
Irrigation Amount (mm) by shelter # and treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
5/2 0 0 0 0 0 0 0 0 0 0 0 0 
5/9 0 0 0 0 0 0 0 0 0 0 0 0 
5/16 0 0 0 0 0 0 0 0 0 0 0 0 
5/23 0 0 0 0 0 0 0 0 0 0 0 0 
5/30 13 7 1 0 12 6 0 0 8 2 0 0 
6/6 10 4 0 0 10 4 0 0 18 12 6 0 
6/13 32 25 18 12 32 25 18 12 31 24 17 11 
6/20 0 0 0 0 0 0 0 0 0 0 0 0 
6/27 29 23 17 12 29 23 17 12 29 23 17 12 
7/4 21 16 11 6 21 16 11 6 11 6 1 0 
7/11 0 0 0 0 23 7 3 0 0 0 0 0 
7/18 18 14 10 6 18 14 10 6 17 13 9 5 
7/25 18 14 10 6 18 14 10 6 18 14 10 6 
8/1 18 14 10 6 12 8 4 0 9 5 1 0 
8/8 13 9 5 1 14 10 6 2 13 9 5 1 
8/15 23 18 14 9 23 18 14 9 23 18 14 9 
8/22 19 15 11 7 19 15 11 7 19 15 11 7 
8/29 20 16 12 8 20 16 12 8 20 16 12 8 
9/5 18 14 10 6 18 14 10 6 18 14 10 6 
9/12 15 11 7 4 15 11 7 4 15 11 7 4 
9/19 16 12 9 5 17 13 10 6 7 3 0 0 
9/26 0 0 0 0 0 0 0 0 0 0 0 0 
Total 283 212 145 88 301 214 143 84 256 185 120 69 
*Note:  Well-Watered Treatment received a total of 51 mm per week, unless the ambient 





Table 4.3.  Combined precipitation and amount of irrigation water added for each shelter 
and treatment at the Brome Site near Volga, SD in 2013. 
                        
Precipitation plus Irrigation (mm) by Shelter # and Treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
478 407 342 291 502 415 344 285 504 433 368 317 





Native Site 2013 
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Table 4.4.  Ambient precipitation and precipitation underneath the rainout shelters 
compared to the Co-op 30-year average precipitation at the Native Site near Volga, SD in 
2013.  (Brookings CO-OP 2010). 










Precipitation under Rainout 
Shelters by shelter # (mm) 
1 2 3 
5/2-5/8 14 25 25 25 25 
5/9-5/15 16 21 21 21 21 
5/16-5/22 18 40 24 24 24 
5/23-5/29 20 25 15 15 15 
5/30-6/5 23 29 21 10 10 
6/6-6/12 25 46 21 21 21 
6/13-6/19 27 4 3 4 4 
6/20-6/26 25 116 12 32 32 
6/27-7/3 23 0 0 0 0 
7/4-7/10 20 35 35 18 35 
7/11-7/17 18 47 38 38 2 
7/18-7/24 16 4 4 4 4 
7/25-7/31 16 2 2 2 2 
8/1-8/7 16 16 16 14 1 
8/8-8/14 17 8 8 8 7 
8/15-8/21 18 0 0 0 0 
8/22-8/28 17 8 8 8 5 
8/29-9/4 16 0 0 0 0 
9/5-9/11 16 3 3 3 3 
9/12-9/18 15 5 5 5 5 
9/19-9/25 14 31 19 19 19 
9/26-10/2 12 13 13 13 13 
Total 402 478 293 284 248 
*Note:  2013 Ambient Precipitation (mm) is what the Ambient Treatment received with 







Table 4.5.  Amount of irrigation water added for each shelter and treatment at the Native 
Site near Volga, SD in 2013. 
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Date 
Irrigation Amount (mm) by Rainout Shelter # and Treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
5/2 0 0 0 0 0 0 0 0 0 0 0 0 
5/9 0 0 0 0 0 0 0 0 0 0 0 0 
5/16 0 0 0 0 0 0 0 0 0 0 0 0 
5/23 0 0 0 0 0 0 0 0 0 0 0 0 
5/30 8 2 0 0 19 13 7 2 19 13 7 2 
6/6 10 4 0 0 10 4 0 0 10 4 0 0 
6/13 31 24 17 10 30 23 16 9 30 23 16 9 
6/20 19 13 7 1 0 0 0 0 0 0 0 0 
6/27 29 23 17 12 29 23 17 12 29 23 17 12 
7/4 0 0 0 0 7 2 0 0 0 0 0 0 
7/11 0 0 0 0 0 0 0 0 21 16 12 7 
7/18 16 12 8 4 16 12 8 4 16 12 8 4 
7/25 18 14 10 6 18 14 10 6 18 14 10 6 
8/1 4 0 0 0 6 2 0 0 19 15 11 7 
8/8 13 9 5 1 13 9 5 1 14 10 6 2 
8/15 23 18 14 9 23 18 14 9 23 18 14 9 
8/22 13 9 5 1 13 9 5 1 16 12 8 4 
8/29 20 16 12 8 20 16 12 8 20 16 12 8 
9/5 17 13 9 5 17 13 9 5 17 13 9 5 
9/12 14 10 6 3 14 10 6 3 14 10 6 3 
9/19 0 0 0 0 0 0 0 0 0 0 0 0 
9/26 0 0 0 0 0 0 0 0 0 0 0 0 
Total 235 167 110 60 235 168 109 60 266 199 136 78 
*Note:  Well-Watered Treatment received a total of 51 mm per week, unless the ambient 
precipitation met or exceeded that amount. 
 
 
Table 4.6.  Combined precipitation and amount of irrigation water added for each shelter 
and treatment at the Native Site near Volga, SD in 2013. 
 
Precipitation plus Irrigation (mm) by shelter # and treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
528 460 403 353 528 461 402 353 559 492 429 371 
*Note:  Well-Watered Treatment = 1,056 mm, Ambient Treatment = 478 mm. 
 
 
Brome Site 2014 
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Table 4.7.  Ambient precipitation and precipitation underneath the rainout shelters 
compared to the Co-op 30-year average precipitation at the Brome Site near Volga, SD in 
2014.  (Brookings CO-OP 2010). 










Precipitation under Rainout 
Shelters by shelter # (mm) 
1 2 3 
5/1-5/7 14 23 23 23 23 
5/8-5/14 16 37 37 37 37 
5/15-5/21 18 0 0 0 0 
5/22-5/28 20 11 1 1 5 
5/29-6/4 23 98 10 14 23 
6/5-6/11 25 51 2 6 2 
6/12-6/18 27 19 19 8 19 
6/19-6/25 25 17 17 9 17 
6/26-7/2 23 12 12 4 12 
7/3-7/9 20 10 10 5 10 
7/10-7/16 18 9 9 9 9 
7/17-7/23 16 8 8 1 8 
7/24-7/30 16 19 8 8 8 
7/31-8/6 16 8 8 2 8 
8/7-8/13 17 9 9 0 9 
8/14-8/20 18 19 8 8 8 
8/21-8/27 17 15 9 8 9 
8/28-9/3 16 16 8 8 8 
9/4-9/10 16 20 8 8 8 
9/11-9/17 15 5 5 5 5 
9/18-9/24 14 11 7 7 7 
9/25-10/1 12 4 4 4 4 
Total 402 421 222 175 239 
*Note:  2014 Ambient Precipitation (mm) is what the Ambient Treatment received with 









Table 4.8.  Amount of irrigation water added for each shelter and treatment at the Brome 
Site near Volga, SD in 2014. 
                          
Date 
Irrigation Amount (mm) by Rainout Shelter # and Treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
5/1 0 0 0 0 0 0 0 0 0 0 0 0 
5/8 0 0 0 0 0 0 0 0 0 0 0 0 
5/15 23 18 14 9 23 18 14 9 23 18 14 9 
5/22 24 19 14 9 24 19 14 9 20 15 10 5 
5/29 19 13 7 2 15 9 3 0 6 0 0 0 
6/5 29 23 17 11 25 19 13 7 29 23 17 11 
6/12 15 8 1 0 26 19 12 6 15 8 1 0 
6/19 14 8 2 0 22 16 10 4 14 8 2 0 
6/26 17 11 5 0 25 19 13 8 17 11 5 0 
7/3 15 10 5 0 20 15 10 5 15 10 5 0 
7/10 14 9 5 0 14 9 5 0 14 9 5 0 
7/17 12 8 4 0 19 15 11 7 12 8 4 0 
7/24 12 8 4 0 12 8 4 0 12 8 4 0 
7/31 12 8 4 0 18 14 10 6 12 8 4 0 
8/7 12 8 4 0 21 17 13 9 12 8 4 0 
8/14 15 10 6 1 15 10 6 1 15 10 6 1 
8/21 12 8 4 0 13 9 5 1 12 8 4 0 
8/28 12 8 4 0 12 8 4 0 12 8 4 0 
9/4 12 8 4 0 12 8 4 0 12 8 4 0 
9/11 14 10 6 3 14 10 6 3 14 10 6 3 
9/18 11 7 4 0 11 7 4 0 11 7 4 0 
9/25 11 8 5 2 11 8 5 2 11 8 5 2 
Total 305 210 119 37 352 257 166 77 288 193 108 31 
*Note:  Well-Watered Treatment received a total of 51 mm per week, unless the ambient 
precipitation met or exceeded that amount.  Also, the 125%, 75%, and 50% treatments 
above refer to the Drought Resistance Treatments.  The 125%, 75%, and 50% Drought 
Resilience Treatments received the same amounts as the 100% treatment. 
 
 
Table 4.9.  Combined precipitation and amount of irrigation water added for each shelter 
and treatment at the Brome Site near Volga, SD in 2014. 
                    
Precipitation plus Irrigation (mm) by shelter # and treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
527 432 341 259 527 432 341 252 527 432 347 270 
*Note:  Well-Watered Treatment = 1,127 mm; Ambient Treatment = 421 mm; 125%, 
75%, and 50% Drought Resilient Treatments = 432 mm.  
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Native Site 2014 
 
Table 4.10.  Ambient precipitation and precipitation underneath the rainout shelters 
compared to the Co-op 30-year average precipitation at the Native Site near Volga, SD in 
2014. 










Precipitation under Rainout 
Shelters by shelter # (mm) 
1 2 3 
5/1-5/7 14 23 23 23 23 
5/8-5/14 16 37 37 37 37 
5/15-5/21 18 0 0 0 0 
5/22-5/28 20 13 6 6 6 
5/29-6/4 23 97 23 23 23 
6/5-6/11 25 50 1 0 1 
6/12-6/18 27 15 15 15 15 
6/19-6/25 25 14 14 14 14 
6/26-7/2 23 8 8 8 8 
7/3-7/9 20 10 10 10 10 
7/10-7/16 18 9 9 9 9 
7/17-7/23 16 8 8 8 0 
7/24-7/30 16 10 8 8 8 
7/31-8/6 16 11 8 8 8 
8/7-8/13 17 9 9 10 10 
8/14-8/20 18 22 8 8 8 
8/21-8/27 17 15 7 7 7 
8/28-9/3 16 14 7 7 7 
9/4-9/10 16 20 8 8 8 
9/11-9/17 15 5 5 5 5 
9/18-9/24 14 10 6 6 6 
9/25-10/1 12 5 5 5 5 
Total 402 405 225 225 218 
*Note:  2014 Ambient Precipitation (mm) is what the Ambient Treatment received with 









Table 4.11.  Amount of irrigation water added for each shelter and treatment at the 
Native Site near Volga, SD in 2014. 
                    
Date 
Irrigation Amount (mm) by Rainout Shelter # and Treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
5/1 0 0 0 0 0 0 0 0 0 0 0 0 
5/8 0 0 0 0 0 0 0 0 0 0 0 0 
5/15 23 18 14 9 23 18 14 9 23 18 14 9 
5/22 19 14 9 4 19 14 9 4 19 14 9 4 
5/29 6 0 0 0 6 0 0 0 6 0 0 0 
6/5 30 24 18 12 31 25 19 13 30 24 18 12 
6/12 19 12 5 0 19 12 5 0 19 12 5 0 
6/19 17 11 5 0 17 11 5 0 17 11 5 0 
6/26 21 15 9 4 21 15 9 4 21 15 9 4 
7/3 15 10 5 0 15 10 5 0 15 10 5 0 
7/10 14 9 5 0 14 9 5 0 14 9 5 0 
7/17 12 8 4 0 12 8 4 0 12 8 4 0 
7/24 12 8 4 0 12 8 4 0 12 8 4 0 
7/31 12 8 4 0 12 8 4 0 12 8 4 0 
8/7 12 8 4 0 11 7 3 0 11 7 3 0 
8/14 15 10 6 1 15 10 6 1 15 10 6 1 
8/21 14 10 6 2 14 10 6 2 14 10 6 2 
8/28 13 9 5 1 13 9 5 1 13 9 5 1 
9/4 12 8 4 0 12 8 4 0 12 8 4 0 
9/11 14 10 6 3 14 10 6 3 14 10 6 3 
9/18 12 8 5 1 12 8 5 1 12 8 5 1 
9/25 10 7 4 1 10 7 4 1 10 7 4 1 
Total 302 207 122 38 302 207 122 39 301 206 121 38 
*Note:  Well-Watered Treatment received a total of 51 mm per week, unless the ambient 
precipitation met or exceeded that amount.  Also, the 125%, 75%, and 50% treatments 
above refer to the Drought Resistance Treatments.  The 125%, 75%, and 50% Drought 
Resilience Treatments received the same amounts as the 100% treatment. 
 
 
Table 4.12.  Combined precipitation and amount of irrigation water added for each 
shelter and treatment at the Native Site near Volga, SD in 2014. 
            
Precipitation plus Irrigation (mm) by shelter # and treatment 
1 2 3 
125% 100% 75% 50% 125% 100% 75% 50% 125% 100% 75% 50% 
527 432 347 263 527 432 347 264 519 424 339 256 
*Note:  Well-Watered Treatment = 1,126 mm; Ambient Treatment = 405 mm; 125%, 
75%, and 50% Drought Resilient Treatments = 432 mm.  
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Lateral Soil Water Movement in the Soil 
Before the study began, concern arose from the fact that during the spring the 125 
and 100 treatments received high weekly moisture amounts based on the 30-year average 
and these treatments often bordered the 75 and 50 treatments.  So a test was needed to 
ensure that water applied to one study plot would not move laterally within the soil into 
neighboring study plots during manual watering.   
This test used 1 m
2
 trial study plots near the shelters at both the Non-Native Site 
and the Native Site.  Since biomass was to be clipped from a 0.25 m
2
 plot frame in the 
center of each study plot, this meant that there was about a 0.25 m buffer zone between 
the edge of one study plot and the biomass to be clipped neighboring plot.  To test for 
lateral water movement within soil, a total of 18 Watermark soil moisture sensors and a 
moisture meter were used.  The sensors were paired up to measure soil moisture at depths 
of 15 and 30 cm.  The first pair of sensors was placed in the center of the trial study plot.  
The remaining sensors were placed in two directions out from the center, including one 
direction that was slightly downhill.  The locations of the remaining sensors included the 
edge of the trial plot, 0.25 m outside the plot, 0.375 m outside, and 0.5 m outside.  After 
applying water to the trial study plot, moisture readings would indicate whether water 
was moving laterally outside of the plot, if so how far, and whether the neighboring 
biomass would be effected. 
To begin the test, the soil moisture sensors first needed to be glued to a length of 
PVC pipe, which allowed the sensors to be pulled out of the ground without snapping the 
wires.  Next they were soaked in water overnight to ensure complete saturation.  Using a 
soil corer, holes were dug in the previously mentioned locations and the soil moisture 
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sensors were inserted into the soil along with a plug of moist soil to ensure contact 
between the sensor and the soil.  The sensors were left in the ground at the study site until 
the Soil Moisture Meter read that the soil was dry.  (If necessary, covers were used to 
prevent precipitation from manipulating the values.)  At this time, 38 mm of moisture 
was applied to the trial study plot.  Moisture readings were taken throughout the day of 
watering, and for the next 4 days.  After no significant change was found in the soil 
moisture readings outside of the trial plot and the readings inside the plot indicated that 
moisture was decreasing, it was determined that lateral water movement within the soil 
would not be a concern during the study.   
(Note:  This test took place before the Ambient and Well-watered treatment study 
plots were set up.  The Well-watered treatment received 51 mm of moisture each week 
while the test only used 38 mm of moisture.  Therefore to be safe, the Ambient and Well-
watered treatment plots were set up so that there was about 0.5 m between them to 
provide an extra buffer zone.) 
 
Soil Moisture Content 
Soil moisture sensors and the meter was used during the study to monitor soil 
moisture, however the values were either erratic, inversed from what was expected, or 
there was not a significant difference between readings from different treatments, so the 
data was not used.  However, rain gauges under each rainout shelter and one outside at 
each site provided accurate data as to the amount rainfall that fell under the shelters and 
outside the shelters.  In addition, this provided data regarding the accuracy of the 
treatments. 
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Plant Species at each site 
Table 5.1.  Plant species present in the study plots at the Brome Site near Volga, SD in 
2013 and 2014. 
            
Scientific Name Common Name Duration Origin Season Growth Habit 
Bromus inermis Smooth brome P I C G 
Cirsium Arvense Canada thistle P I W F 
Poa pratensis Kentucky bluegrass P I C G 
 
 
Table 5.2.  Plant species present in the study plots at the Native Site near Volga, SD in 
2013 and 2014. 
            
Scientific Name Common Name Duration Origin Season Growth Habit 
Andropogon gerardii Big bluestem P N W G 
Bouteloua curtipendula Sideoats grama P N W G 
Bromus inermis Smooth brome P I C G 
Dichanthelium oligosanthes 
var. scribnarianum 
Scribner panicgrass P N C G 
Elymus smithii Western wheatgrass P N C G 
Elymus trachycaulus Slender wheatgrass P N C G 
Elytrigia repens Quackgrass P I C G 
Melilotus alba White sweetclover B I C F 
Nassella viridula Green needlegrass P N C G 
Onosmodium bejariense 
var. occidentale 
False gromwell P N C F 
Panicum virgatum Switchgrass P N W G 
Poa pratensis Kentucky bluegrass P I C G 
Rosa arkansana Prairie rose P N N/A S 
Schizachyrium scoparium Little bluestem P N W G 
Setaria glauca Yellow foxtail A I C G 
Sporobolus compositus Tall dropseed P N W G 
Sporobolus heterolepis Prairie dropseed P N W G 
Stipa spartea Porcupinegrass P N C G 
Symphoricarpos 
occidentalis 
Western snowberry P N N/A S 
Viola pedatifida Prairie violet P N C F 
 
Clearly, the Native Site has greater species diversity, with over 3 times the 
number of species as the Non-native Site.  In addition, the Native Site includes more 
functional groups:  native grasses both warm-season and cool-season, several introduced 
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cool-season grasses, native and introduced forbs, and native shrubs.  This was the basis of 
the hypothesis, that greater species diversity would provide greater resistance to drought.   
 
Soil Samples 
 Soil Samples were taken from each site and processed at the South Dakota State 
University Soil Testing Laboratory.  The results found that the Native Site had a higher 
sand particle content than the Non-Native Site, which is typical of the rolling hills in the 
Prairie Coteau, while the Non-native Site had higher clay content.  However, both soils 
are categorized as Loamy.  The Native Site is a Thin Loamy Ecological Site and the 
Brome Site is a Loamy Ecological Site.   The Native Site is in rolling hills with slight to 
moderate slopes and scattered wetlands.  The Non-Native Site is more of a low-lying area 
with rolling hills nearby, but not a wetland.  Overall, there is less than a mile between the 
two sites and they lie in the same Level IV Ecoregion:  the Prairie Coteau.  Therefore 




 Since this study involved rainwater and irrigation water, each type of water was 
tested prior to the research.  Water samples of each type of water were taken to South 
Dakota Agricultural Laboratories for testing.  The results showed differing amounts of 
macro- and micronutrients, electrical conductivity, hardness, salinity, and pH.  However, 
according to Penn State Extension (1991) the amounts of these components fall within 
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the acceptable range of values and are therefore are comparable.  This ensured that using 
the irrigation water would not change the effect the results of the study.
